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Papers  presented  at  the  42ad  Symposia*  of  the  Guidance  and  Control  Panel, 
held  in  Brassafa,  Balaam,  10-1 3  June  1986. 


THE  MISSION  OF  AGARD 


The  mission  of  AGARD  is  to  bring  together  the  leading  personalities  of  the  NATO  nations  in  the  fields  of  science  and 
technology  relating  to  aerospace  for  the  following  purposes: 

—  Exchanging  of  scientific  and  technical  information; 

—  Continuously  stimulating  advances  in  the  aerospace  sciences  relevant  to  strengthening  the  common  defence  posture;  i 

—  Improving  the  co-operation  among  member  nations  in  aerospace  research  and  development;  i 

—  Providing  scientific  and  technical  advice  and  assistance  to  the  Military  Committee  in  the  field  of  aerospace  research 
and  development  (with  particular  regard  to  its  military  application); 

—  Rendering  scientific  and  technical  assistance,  as  requested,  to  other  NATO  bodies  and  to  member  nations  in 
connection  with  research  and  development  problems  in  the  aerospace  field; 

—  Providing  assistance  to  member  nations  for  the  purpose  of  increasing  their  scientific  and  technical  potential; 

—  Recommending  effective  ways  for  the  member  nations  to  use  their  research  and  development  capabilities  for  the 
common  benefit  of  the  NATO  community. 

The  highest  authority  within  AGARD  is  the  National  Delegates  Board  consisting  of  officially  appointed  senior 
representatives  from  each  member  nation.  The  mission  of  AGARD  is  carried  out  through  the  Panels  which  are  composed  of 
experts  appointed  by  the  National  Delegates,  the  Consultant  and  Exchange  Programme  and  the  Aerospace  Applications 
Studies  Programme.  The  results  of  AGARD  work  are  reported  to  the  member  nations  and  the  NATO  Authorities  through 
the  AGARD  series  of  publications  of  which  this  is  one. 

Participation  in  AGARD  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  of  the  NATO  nations. 


The  content  of  this  publication  has  bees  reproduced 
directly  from  material  supplied  by  AGARD  or  the  authors. 
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PRE  FACE 


Thi«  Synpoaium  marks  a  step  forward  in  the  progress  nods  by  the  Guidance  and  Control  Panel  of  the 
Advisory  Group  for  Asrospaos  Rsssaroh  and  Dsvslopmsnt  < GCP/AGARD)  towards  providing  a  forum  for  thoss 
rssponsibls  for  ths  sslsotion  of  tsohnologioal  options  suitabls  for  mssting  ths  air  traffio  oontrol  and 
managsmsnt  challenges  of  ths  futurs. 


Pis  oomputsr  has  alrsady  bssn  of  groat  ssrvios  to  ths  air  traffio  aontrollsr.  It  has  rslisvsd 
him  of  a  ssriss  of  mainly  logistioal  tasks,  snabling  him  to  oonesntrats  his  attsntion  on  ths  safs  oonduot 
of  navigation. 


I is  havs  now  rsaohsd  a  stags  Where  us  oan  look  forward  to  ths  dsvslopmsnt  of  a  ground-bassd  oom¬ 
putsr  oapabls  of  talking  dins  at  to  an  onboard  oosputer  to  guids  aironaft  safsly  from  dsparturs  to  dsstina- 
tion  ui th  a  Isvsl  of  safety  as  high  as  chat  aohisvsd  today  and  uith  nsar  maximum  sffioisnoy  in  tsrms  of 
soonomios  and  oapaoity. 


Pis  uss  of  satsllitss  for  highly  aeaurats  survsi lianas,  navigation  that  is  virtually  indspsndsnt 
of  looal  faoilitiss,  and  rsliabls  oomminioations  uith  aironaft  anywhere  in  ths  sky  ovsr  ths  planst, 
togsthsr  uith  ths  trsmsndous  pousr  of  ths  nsxt  gsnsration  of  computers  or,  mors  gsnsrally,  proosssing 
faoilitiss  suitabls  for  taking  guidanas  dsoisions  in  ths  most  oomplsx  oonfi gunations,  tsnd  to  oonfirm  that 
ths  abovs  sxpsetation  is  no  longsr  a  msrs  drsam.  Clsarly,  it  is  not  our  intsntion  to  suggsst  that  both 
stations  (ground-bassd  and  onboard )  uill  opsrats  without  human  intsrvsntion.  But  doss  ths  prsssnos  of 
sithsr  ons  psrson  (ths  pilot )  or  two  persons  (ths  pilot  and  ths  aontrollsr)  nsosssarily  prsvsnt  ths 
ovsrall  oontrol  system  from  operating  automatioallyf  In  other  uords,  wh at  level  of  automation  do  us  envi¬ 
sage  and,  regardless  of  present  legislation,  u hat  role  may  u s  sxpsat  ths  human  to  play  in  ths 
graund/air /ground  oontrol  loop 1 


Pis  density  of  air  traffio  oontimies  to  grou,  but  ths  available  oapaoity  seems  unlikely  to  keep 
poos.  At  a  result,  ths  complexity  of  air  traffio  management  and  oontrol  uill  inorease  and  ths  oosputer 
uill  have  to  take  guidance  dsoisions.  In  ths  initial  phase  it  uill  offer  them  to  ths  human  aontrollsr  who 
uill  then  dsoids  whether  or  not  to  implemmnt  them.  If  ths  oosputer  proves  itself  to  be  rsliabls,  ths 
aontrollsr  uill  begin  to  aaospt  its  guidanas  systematically.  Pis  ooncsqusnoss  are  easy  to  predict . 
A  second  phase  uill  follow,  in  Whiah  ths  oosputer  will  simply  present  What  it  intends  to  send  to  ths 
unit(s)  concerned  (sithsr  adjacent  oentrs(s)  and/or  aircraft)  and  request  their  agreement.  Pile  procedure 
could  in  due  course  become  no  mors  than  a  courteous  formality.  At  that  stags,  what  role  will  ths  human 
aontrollsr  play? 


It  is  in  an  attempt  to  answer  this  question  that  this  Symposium  uill  investigate  ths  latest 
perspectives  on  a  number  of  fundamental  issues  by  examining  ths  possibilities  offered  by  new  technologies. 
Particular  attsntion  uill  be  focused  on  ths  use  of  mors  powerful  data  proosssing  faoilitiss,  ths  introduc¬ 
tion  of  satsllitss  for  integrated  navigation  ooeemni cations  and  surveillance  and  ths  potential  role  of 
automatic  tuo-way  air/ground  data  links.  Pis  fields  covered  will  include  advanced  surveillance  radar, 
advanced  landing  systems,  ths  management  of  air  traffic  (particularly  in  extended  terminal  areas),  ths 
potential  and  limitations  of  automation,  including  the  possible  applications  of  intelligent  knowledge 
based  systems,  and  new  onboard  equipment  that  will  clearly  necessitate  a  fresh  look  at  ths  relationship 
bstwssn  air  traffic  control  and  indivitktal  aircraft. 
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Over  tha  past  IS  years,  tha  Guidance  and  Control  Panal  of  the  Advisory  Group  for  Aerospace  Research  and 
Developaent  to  the  North  Atlantic  Treaty  Organisation  has  davotad  part  of  Its  activities  to  the  fascina¬ 
ting  field  known  historically  as  Air  Traffic  Control.  Tha  Panel's  contributions  listed  below  cover.  In 
particular,  tha  air  and  ground  conponents  considered  as  parts  of  a  single  systea,  the  net hods,  techniques 
and  technologies  applicable  to  or  usable  for  tha  nanageaent  of  the  flows  of  aircraft  or  the  control,  of 
Individual  flights,  tha  ever-lncreaslng  level  of  autonatlon  and  tha  essential  role  of  the  huaan  acting  on¬ 
line  In  the  control  loop. 


"Air  Traffic  Control  Syataau*. 

Guidance  and  Control  Syaposlua,  Edinburgh,  Scotland,  26-29  June  1972. 
AGARD-CP-105,  April  1973. 


"A  Survey  of  Modern  Air  Traffic  Control* 
ACAROograph  AG-209,  Vols.  I  and  II 
July  1973. 


“Plans  and  Davalopaents  for  Air  Traffic  Systeas*. 

Guidance  and  Control  Syaposlua,  Caabrldga,  Hass.,  USA,  20-23  Hay  1975. 
AGARD-CP-1M,  February  1976. 


*Alr  Traffic  Hanagaaent.  Clvll/Nllltary  Systaas  and  Technologies*. 
Guidance  and  Control  Syaposlun,  Copenhagen,  Denaarfc,  9-12  October  1979. 
ACAKO-CP-273,  February  19S0. 


“Air  Traffic  Control  In  Face  of  Users'  Deaand  and  Econoay  Constraints*. 
Guidance  of  Control  Syaposlua,  Lisbon,  Portugal,  13  October  19S2. 
ACARD-CP-340,  February  1913. 
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Optlaua  Utilisation  of  Modern  Technology 

(Guidance,  control,  navigation,  surveillance  and  processing  facilities) 
for  the 

Overall  Saaaf It  of  Civil  and  Military  Airspace  Uaeri* 

Guidance  and  Control  Syaposlua,  Erussels,  Balglua,  10-13  June  19S6. 
AGASD— CP-410,  this  docaasat. 


•Csaputatloa,  Prediction  and  Control  of  Aircraft  Trajectories' 
ACAROograph  AG-301,  la  preparation. 


OPENING  ADDRESS 


by 


Major  General  H.Robyns  de  Schneidauer 
Chef  d'Etat-Major  Adjoint  Logjstique 
de  la  Force  Aerienne  Beige 
National  Delegate  to  AGARD 


Ladle*  and  Gentleaen, 


Let  ae  Introduce  myself,  I  an  Major  General  ROBYNS ,  Deputy  Chief  of  Staff  Logistics  of  the  Belgian  Air 
Force .  On  behalf  of  Lieutenant  General  LEFEBVRE,  Chief  of  Staff  of  the  Belgian  Air  Force,  1  have  the  pri¬ 
vilege  and  the  pleasure  In  ay  capacity  as  Belgian  National  Delegate  to  AGARD  to  welcome  the  Guidance  and 
Control  Panel  for  Its  42nd  syaposlua  and  the  2nd  one  organized  In  Belgiua. 

The  interest  shown  by  Belgiua  In  the  activities  of  the  GCP  froa  both  points  of  view  of  the  scientists  com- 
aunlty  on  one  hand  as  well  as  of  the  users  coaaunlty  on  the  other  hand,  is  Illustrated  by  an  active 
contribution  to  the  prograaae  of  this  syaposlua.  Dr,  BENOIT  of  EUROCONTROL  (scientist)  will  chair  the 
first  session  entitled  “Looking  to  the  future"  and  LtCol  COUPEZ  (user)  Commander  of  the  BAF  traffic 
control  center/radar  post  will  chair  the  last  session  of  this  meeting  entitled  "Contribution  to  system 
automation". 

1  aa  also  particularly  pleased  and  proud  to  note  among  this  distinguished  audience  the  presence  of  the 
honorary  dean  of  AGARD  Prof.  UAUS,  Belgian  member  of  your  panel  since  the  very  beginning  of  Its  existence 
In  1965. 

Several  AGARD  conferences  have  already  been  organized  in  Belgium,  nevertheless  1  see  that,  once  more,  a 
very  large  attendance  Is  reached,  and  it  gives  ae  great  pleasure.  I  dare  not  guess  whether  you  are  mainly 
attracted  by  the  subjects  of  this  symposium  or  by  the  charms  of  Brussels  and  Belgium,  or  even  by  a  com¬ 
bination  of  both. 

Anyhow,  I  think  that  Belgiua  IS  a  proper  place  to  hold  a  meeting  dedicated  to  "The  efficient  conduct  of 
Individual  flights  and  air  traffic’. 

Indeed,  aa  you  all  know,  the  Belgiua  Airspace  Is  a  very  complicated  one,  not  only  as  a  consequence  of  Its 
Halted  dimensions,  but  also  because  of  the  amount  and  variety  of  air  traffic  criss-crossing,  and  because 
of  the  different  control  centres  that  have  to  co-operate,  and  co-ordinate  their  action  In  the  same  small 
area. 

Throughout  the  whole  world  aodern  technology  Is  in  continuous  development,  and  already  In  the  last  decade 
of  this  century,  we  will  have  to  define  the  philosophy  according  to  which  more  and  more  powerful  technical 
tools  will  have  to  be  applied  In  the  best  possible  way.  In  order  to  guide  and  control  air  traffic  In  such 
a  aanner  that  optlaal  use  of  airspace  Is  obtained  for  all  categories  of  users. 

The  Important  lapact  of  technology  upon  operational  flying  In  the  future  is  well  underlined  by  several 
Interesting  contribution*  to  this  symposiums r  prograaae  where  I  reaark  iteas  such  as  advanced  surveillance 
and  landing  systeas,  autoaatlc  data  link  between  airborne  and  ground  based  stations,  space  based  capabili¬ 
ties,  air  traffic  and  flight  aanageaant  systeas  and  proceeding  autoaatlon  In  air  traffic  control.  All  of 
these  features  will  contribute  to  safeguard  the  classic  objective  of  establishing  a  safe,  orderly,  expe¬ 
dite  and  economical  flow  of  air  traffic. 

There  Is  a  continuous  need  for  advanced  technology  that  will  offer  aany  advantages;  among  others  It  will 
permit  aircraft  to  operate  aors  Independently,  It  will  aeet  the  requirement  of  proceeding  as  direct  as 
possible  froa  departure  to  destination  field.  It  will  allow  optimization  of  autoaatlon  In  order  to  aodlfy 
the  methods  of  separation  of  aircraft  and  to  obtain  a  better  regulation  of  air  traffic  In  busy  areas.  It 
will  establish  data  coaaunlcatlon  channels  for  exchange  of  Information  between  control  and  flight  aanage¬ 
aant  systeas. 

Let  aa  end  up  with  just  one  aors  non  technical  reflection;  notwithstanding  the  emerging  technological 
possibilities.  It  is  anticipated  that  during  tha  next  decades  the  responsibility  for  safety  In  the  air 
will  reaaln  with  the  ground  based  sir  traffic  control,  possibly  backed  up  by  airborne  traffic  warning 
systeas;  this  option,  anyway,  has  among  others,  already  bean  taken  In  the  United  States  of  Aasrlca. 
It  Is  clear  that  technological  devalopaant  and  progress  alone  cannot  yet  provide  a  solution  to  the  problea 
of  effleleat  and  safe  asnagsaent  of  air  traffic  and  that,  up  to  now,  the  Important  role  of  asn  -  call  the 
controllers  or  airspace  managers  -  is  highly  confirmed,  as  long  as  these  human  beings  are  strongly 
assistsd  by  autoaatlc  systems  in  their  decision  asking  process. 

In  conclusion  I  think  that  aany  attractive  challenges  continue  to  be  present  In  the  air  traffic  world  and 
I  aa  sure  that  this  42nd  AGARS  guidance  and  control  panel  nesting  will  bring  a  most  valuable  contribution 
to  sound  and  suitable  solutions  for  the  future  probleas  by  giving  tha  participants  the  opportunity  of 
sharing  their  experience  sod  knowledge,  so  that  safety  and  economy  In  the  air  will  be  aalntalned  for  aany 
years  to  corns. 

I  wish  you  all  a  pleasant  stay  In  Brussels  and  a  very  successful  meeting. 
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BELGIUM  MOVES  AHEAD  IN  AIR  TRAFFIC  CONTROL 

by 

ir.  A.  VANDENBROUCKE 


Director  General,  Department  of  Air  Traffic  Safety 
RAgie  des  Voies  AAr iennes/Regie  der  Luchtwegen 
Rue  du  ProgrAs,  80,  Vooruitgangatraat 
1210  BRUSSELS 


INTRODUCTION 


It  is  a  personal  privilege  and  a  great  pleasure  to  be  given  the  chance  to  speak 
to  your  at  the  AGARD  symposium,  which  this  year  is  concerned  with  the  efficient 
conduct  of  individual  flights  and  air  traffic.  I  like  to  think  that  the  reason 
that  I  was  selected  by  AGARD  for  this  keynote  address  is  that  we  are  doing 
something  appropriate  to  this  symposium  and  interesting  to  you,  the  attendees. 
What  I  am  going  to  talk  about  is  an  exciting  new  program  for  us,  the  R6gie  des 
Voies  AAr i ennes/Reg i e  der  Luchtwegen  (RVA/RLW).  One  that  has  been  in  prepa¬ 
ration  for  quite  a  while,  but  has  now  left  the  runway  for  good. 

Also,  by  way  of  introduction,  I  want  to  tell  you  that  the  RVA/RLW,  which  is 
under  the  responsibility  of  the  Ministry  of  Communications,  has  jurisdiction 
over  the  public  airports,  airways,  facilities,  and  air  traffic  control  services 
within  Belgium. 

Rather  than  going  directly  to  the  details  of  the  subject  matter,  I  would  like 
to  set  the  stage.  Belgium  is  a  small  country  by  world  standards,  but  its 
location  bestows  on  it  great  international  significance.  Belgium  is  the  home  of 
the  EEC,  SHAPE  and  NATO  and  about  10  million  people.  With  its  substantial  and 
diverse  population,  Belgium  is  a  nation  at  the  crossroads  of  Europe  and 
therefore  transportation  is  an  essential  fact  of  life.  Transport  movement  at 
ground  and  sea  level  is  structured  to  follow  the  motorways,  railways  and  water¬ 
ways.  Transportation  in  the  airways  cannot  be  structured  with  physical 
constraints  because  it  is  uniquely  three-dimensional  and  an  order  of  magnitude 
faster  than  surface  transportation.  With  the  dynamics  of  modern  aircraft  and 
the  limited  airspace,  the  difficulties  of  providing  the  efficient  conduct  of 
air  traffic  are  magnified.  Increases  in  air  traffic  add  an  element  of 
criticality  to  the  situation. 


How  will  Belgium  meet  the  challenge  of  providing  efficient 
vidual  flights  and  air  traffic  within  the  country's  unique 
answer  lies  in  an  optimum  utilization  of  modern  technology  in 
Control  System  called  CANAC,  which  is  an  acronym  of  Computer 
Air  Traffic  Control  Center. 


conduct  of  indi- 
airspace  ?  The 
a  new  Air  Traffic 
Assisted  National 


CANAC  BACKGROUND 


Before  I  go  into  a  description  of  CANAC  I  would  like  to  tell  you  a  little  about 
its  historical  background. 

It  was  determined  in  the  mid  1970's  that  the  Belgian  operating  facilities  were 
no  longer  compatible  with  the  needs  and  evolution  of  current  air  traffic.  In 
1976  the  RVA/RLW  addressed  this  problem  by  instituting  a  plan  to  modernize  the 
Belgian  air  traffic  capabilities.  This  plan  included  the  installation  of  a  new 
en-route  radar  station  at  St.  Hubert,  the  provision  of  an  interim  automated 
radar  data  processing  and  display  system  (called  the  "TEMPO  ACC")  and  the 
replacement  of  the  obsolete  en-route  radars  at  Brussels  airport  by  a  new  radar 
station  at  Bertem.  The  implementation  of  CANAC  to  replace  the  "TEMPO  ACC"  will 
now  complete  this  modernization  plan. 


CANAC  OVERVIEW 


The  CANAC  project  will  fulfill  the  goal  of  a  Belgian  national  air  traffic 
control  center  which  integrates  the  control  of  en-route  and  terminal  air 
traffic.  In  general,  CANAC  is  a  consolidation  and  modernization  program  for 
the  processing  and  display  of  radar  and  flight  plan  data,  and  for  a  highly 
reliable  ground-to-ground  and  ground-to-air  voice  communication  capability. 
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Two  major  subsystems  are  to  be  procured  to  replace  aging  equipment.  These  are 
an  Air  Traffic  Control  (ATC)  Automation  System  which  will  process  and  display 
radar  data  and  aircraft  flight  data,  and  a  Voice  Communication  Switching  System 
which  will  provide  air  traffic  personnel  with  a  modern,  reliable  means  of  voice 
communication.  Other  procurements  include  a  new  ATC  building,  a  reliable  power 
source  and  a  security  system. 

The  ATC  Automation  System  will  be  used  for  both  the  Area  (en-route)  Control 
Center  and  Brussels  National  Airport  Approach  Control  Unit.  These  control 
units  will  share  the  computer  hardware  and  software,  thereby  minimizing  the 
total  cost  of  the  CANAC  system. 

The  objectives  in  acquiring  CANAC  include  : 

-  Relieving  controllers  and  assistants  of  routine  tasks  associated  with  the 
collection,  collation,  sorting,  updating,  coding,  processing  and  distri- 
but ion  of  data . 

-  Simplifying  and  accelerating  the  exchange  of  data  needed  for  coordination 
between  operating  positions  in  the  new  center  and  between  other  air  traffic 
positions  in  military  and  adjacent  centers. 

Improving  the  display  and  the  update  of  flight  data  to  air  traffic  pel — 
sonne  I  . 

-  Reducing  the  communications  volume  and  consequently  the  mental  effort 
normally  associated  with  air  traffic  handling. 

-  Standardizing  to  a  larger  extent  air  traffic  procedures  in  most  of  our  air 
traffic  units  and  with  our  military  and  international  partners. 


AUTOMATION  SYSTEM  DEFINITION 


The  CANAC  Automation  System  will  be  part  of  the  total  air  traffic  services 
provided  by  the  RVA/RIW.  It  will  have  the  capability  to  interface  with  up  to 
six  radars  (fig.  1).  The  initial  implementation  will  include  the  processing  of 
signals  delivered  by  the  en-route  radars  of  Bertem  and  St.  Hubert. 

Both  radars  are  of  a  very  recent  technology.  The  radar  of  St.  Hubert  is  in  use 
since  1980  and  the  Bertem  site  has  just  recently  been  put  into  service.  The 
ASR-7  terminal  area  radar  at  the  Brussels  National  Airport  will  also  provide 
radar  service  to  the  CANAC  APP  positions.  The  input  of  military  data  to  CANAC 
is  from  the  Semmerzake  Radar  Operated  System  (SEROS)  in  the  Military  Air 
Traffic  Coordinating  Center.  And,  the  Message  Switching  System  (MSS)  interface 
is  used  for  Aeronautical  Fixed  Telecommunications  Network  (AFTN)  data.  Future 
interfaces  will  include  the  Maastricht  Automatic  Data  Processing  and  Display 
System  (MADAP),  the  Benelux  Air  Traffic  Flow  Management  Unit  (ATFMU),  the 
Distributed  Airport  Information  System  (DAISY),  and  adjacent  Flight  Information 
Reg i ons . 

By  using  very  advanced  technologies  and  suitably  sited  radars,  a  much  safer  and 
expeditious  movement  of  air  traffic  will  be  assured  in  the  en-route  airspace  of 
Belgium  and  Luxembourg,  as  well  as  in  the  terminal  area  of  the  Brussels 
National  Airport. 

Fig.  2  illustrates  the  radar  coverage  in  the  Belgian  FIR. 

The  CANAC  system  will  completely  fit  into  the  integrated  concept  of  the 
security  of  the  airspace  above  the  Benelux/North  Germany  area  that  is  now  being 
developed  between  the  four  involved  countries  and  Eurocontrol.  This  concept 
will,  by  way  of  automatic  computer-to-computer  data  exchange,  integrate  five 
ATC  centers;  four  national  centers  (Amsterdam,  Brussels,  Bremen  and 
Dusseldorf)  for  the  lower  and  terminal  airspace,  and  the  Eurocontrol  Center  of 
Maastricht  for  the  upper  airspace. 

Fig.  3  shows  a  general  block  diagram  of  the  CANAC  Automation  System. 

The  proposed  design  of  the  automation  system  makes  maximum  use  of  off-the-shelf 
equipment.  There  will  be  multiple  threads  of  data  processing  equipment  with 
provision  for  automatic  reconfiguration  to  standby  equipment  for  both  radar  and 
flight  data  processing.  Manual  assignment  of  these  threads  to  software 
development  and  training  functions  is  also  provided  for.  Situation  data 
displays  will  be  of  proven  design.  Close  coordination  between  the  contractor 
and  an  RVA/RLVi  task  force  will  assure  that  the  air  traffic  consoles  will  be  of 
a  good  ergonomic  concept. 

Software  will  also  make  use  of  off-the-shelf  designs,  particularly  for  support 
programs.  Much  of  the  application  software  will  be  done  in  the  ADA  language. 
This  is  the  language  that  has  been  adopted  as  a  standard  by  the  United  States 
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department  of  Defense.  The  software  development  capability  will  provide  for 
verification  of  changes  to  the  operational  and  support  programs  prior  to  use  in 
the  CANAC  system.  The  training  function  will  provide  for  controller 

fam i I i ar i zat i on  and  in-depth  training  using  live  as  well  as  simulated  data. 

The  automation  system  is  composed  of  five  functional  parts  (fig.  4). 

These  parts  are  data  processing  and  peripherals,  display  and  input/output, 
digital  data  communications,  software  development  and  training,  and  remote 
dev i ces. 

The  automation  system  will  perform  five  basic  functions  within  CANAC. 

These  are  : 

-  To  provide  air  traffic  services  to  civil  and  military  flights  operating  as 
general  air  traffic  within  the  Belgian  airspace  ; 

-  To  provide  for  the  training  of  personnel  ; 

-  To  provide  for  the  maintenance  and  development  of  air  traffic  control 

software  ; 

-  To  augment  the  air  defense  system  by  exchanging  the  required  data  ;  and 

-  To  provide  coordination  with  adjacent  facilities. 


The  automation  system  will  have  the  following  capabilities 

-  Processing  and  storing  flight  data  received  from  the  Air  Traffic  Services 
Reporting  Office,  CANAC  operating  positions,  and  the  Message  Switching 
System,  as  well  as  storing  the  flight  plans  of  regularly  scheduled  air 
carr i er  f I i ghts  ; 

-  Modifying  the  flight  data  base  in  response  to  flight  update  information, 
calculating  arrival  times  over  posting  fixes,  and  updating  track  information 
i 

-  Receiving  Primary  Surveillance  Radar  (PSR)  and  Secondary  Surveillance  Radar 

(SSR)  data  from  the  radars,  processing  and  assigning  SSR  codes  to  flights, 
and  processing  and  displaying  the  PSR  and  SSR  data  on  aircraft  ; 

-  Initiating  tracks  on  flights,  maintaining  association  between  flight  plans 
and  tracks,  processing  and  displaying  plot  and  track  information,  and 
assisting  control  personnel  in  the  handoff  of  aircraft  between  CANAC  sectors 
and  between  the  CANAC  and  adjacent  facilities  ; 

-  Receiving,  storing,  and  displaying  Notice  to  Airmen  data  ; 

-  Exchanging  information  with  other  air  traffic  control  and  air  defense 
f ac i I i t i es  ; 

-  Performing  real-time  quality  control  as  well  as  system  and  incident  analysis 
recording  ;  and 

-  Providing  simulation,  training,  and  software  development  capabilities. 


VOICE  COMMUNICATION  SYSTEM  DEFINITION 


The  Voice  Communication  Switching  System  is  a  computer  based  electronic 
stored-program  controlled  system  designed  specifically  for  air  traffic  control. 
It  will  be  used  to  connect  called  and  calling  parties;  to  ensure  uninterrupted 
communications  between  (and  among)  the  connected  parties;  and  to  disconnect 
the  parties  when  calls  have  been  completed.  It  will  consist  of  switching, 
signaling  and  transmission  functions.  The  switching  function  will  identify  and 
connect  users  to  a  suitable  transmission  path.  The  signaling  function  will 
supply  and  interpret  the  necessary  control  and  supervisory  signals  to  perform 
the  switching  function.  All  switching  and  signaling  functions  will  be 
performed  utilizing  multiple  stored-program  digital  processors  (or 
microprocessors).  The  transmission  function  will  deal  with  the  media  over 
which  calls  and  control  signals  are  routed.  These  functions  will  be  integrated 
into  a  highly  reliable  and  easily  maintained  system  utilizing  modern, 
state-of-the-art  integrated  circuit  technology. 
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The  system  is  composed  of  :  a  Ground-to-Ground  switch  which  interconnects 
positions  within  the  air  traffic  control  facility  (intercom)  and  connects  those 
positions  to  positions  at  other  air  traffic  control  facilities  (interphone); 
and  a  radio  control  function  which  connects  the  ATC  facility  positions  to 
A i r-to-Ground  equipment. 

Regie  des  Telegraphes  et  des  Telephones  and  RVA  voice-grade  circuits  will 
interconnect  the  equipment.  The  system  will  be  designed  such  that  it  may  be 
introduced  into  the  existing  system  without  interruption  to,  or  degradation  of, 
air  traffic  services;  moreover,  its  implementation  will  require  no  significant 
changes  to  existing  procedures.  In  order  to  achieve  reliability,  the  system 
will  provide  redundancy  for  alternate  transmission  routing  and  equipment 
backup.  The  system  will  have  internal  diagnostic  features,  self-contained 
monitoring  and  testing,  and  provisions  for  trunk  restoration. 


Capabilities  included  in  the  Voice  Communication  System  : 


Direct  access  -  Intercom  and  interphone  connections  shall  be  established 
between  parties  by  the  depression  of  a  single  pushbutton. 


Indirect  access  -  Intercom  and  interphone  connections  shall  be  established 
by  dialing  a  selected  party  through  the  use  of  a  12-key  dial  pad. 


Incoming  call  queueing  and  common  answer  -  Incoming  indirect 
a  position  shall  be  queued  for  answering  in  a  random  order. 


access  calls  to 


Override  -  A  calling  party  shall  have  the  ability  to  override  a  busy  control 
position  to  establish  an  intercom  or  interphone  connection. 


-  Call  forwarding  -  Incoming  intercom  and  interphone  calls  to  a  control 
position  shall  be  automatically  forwarded  to  another  position. 

-  Call  transfer  -  Incoming  intercom  and  interphone  calls  shall  be  manually 
transferred  to  another  position. 

-  Hold  -  An  intercom  or  interphone  call  shall  be  capable  of  being  held  by 
either  the  called  or  calling  party. 

-  Radio  control  -  The  system  shall  provide  radio  transmitter  and  receiver 

selection  and  control  capability. 


Voice  recording  and  software  development/training  functions  will  also  be 
prov i ded. 


FACILITY 


CANAC  represents  totally  new  system  equipment  for  automation  and  communica¬ 
tions.  As  befits  such  an  undertaking,  a  new  building  is  being  constructed  to 
house  CANAC.  This  facility  will  be  located  within  the  land  area  of  the 
Brussels  national  airport. 

Basically,  the  CANAC  building  will  consist  of  two  main  wings  :  the  operational 
wing  and  the  administrative  wing.  The  operational  wing  requires  two  levels. 
The  lower  level  will  include  a  computer  raised  floor  and  a  mezzanine 
( low-ce i I i nged  cable  floor)  for  the  electronic  data  processing  equipment, 
telecommunications  equipment  and  other  support  functions.  The  upper  level  will 
include  a  false  floor  and  a  double-height  false  ceiling  and  will  house  the 
en-route  and  approach  operations  rooms,  the  Belgian  Air  Force  offices,  and  the 
current  operat  ions/on-tha-job  tf*a  i  n  i  ng/extena  i  on  area. 

The  administrative  wing  consists  mainly  of  administrative  and  housekeeping 
functions,  and  will  consist  of  four  levels. 


PNOGNAM  MANAGEMENT 


CANAC  is  the  largest  air  traffic  control  system  project  to  be  undertaken  in 
Belgium.  Its  degree  of  sophist  i cat  ion  and  complexity  creates  the  need  for 
carefu I  program  management . 

The  approach  being  used  for  CANAC  provides  a  four-phase  division  of  acquisition 
activities  :  System  Definition  Phase  ;  System  Development  Phase;  System 
Testing  and  Deployment  Phase  ;  and  System  Operation/Evaluation/Transition 
Phase . 
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The  automation  system  is  being  procured  es  a  single  system.  The  system  is 
being  developed  by  a  single  prime  contractor,  Thomson-CSF  (France),  and  that 
contractor  will  have  the  responsibility  for  installation  ( hardware  and 
software),  checkout,  system  testing,  and  training.  The  Mitre  Corporation 
provided  support  during  the  definition  phaaa  and  will  continue  to  provide 
system  engineering  support  to  the  RVA/RLW  during  development,  installation  and 
testing.  As  required  by  the  RVA/RLW,  Belgian  industry  and  in  particular 
Tractions!  Information  Systems  (TRASYS)  will  participate  in  the  development  of 
CANAC  thereby  allowing  transfer  of  software  and  ATC  technology.  The  RVA/RLW 
will  have  the  responsibility  for  integrating  personnel  and  procedures  into  the 
prime  contractor  supplied  system  and  to  ensure  that  the  final  autoaMtion  system 
is  operationally  certified  for  air  traffic  control. 

The  Voice  Communication  Switching  System  is  being  procured  as  a  single  system 
and  developed  by  one  prime  contractor,  Nerion  (Norway).  The  installation  of 
this  Commun i cat i on  System  will  be  coordinated  with  the  installation  of  the  ATC 
Automation  System. 

The  System  Definition  Phase  of  the  CANAC  project  has  been  coexisted.  The 
activities  in  this  phase  included  :  preparation  of  system  specifications; 
preparation  of  Requests  for  Proposal  ;  evaluation  of  proposals;  and  nego¬ 
tiations  and  placing  of  the  orders. 

During  the  system  development  phase  which  has  recently  begun,  the  components  of 
the  system  will  be  procured  or  assembled  at  the  prime  contractors'  facilitias. 
Also  during  this  phase  a  significant  amount  of  application  software  will  be 
developed  to  meet  our  specific  operational  requ i rements. 

During  the  system  testing  and  deployment  phase,  teste  will  be  conducted  in 
accordance  with  the  prepared  system  acceptance  test  plans.  The  tests  will 
include  the  evaluation  of  system  performance  in  terms  of  specified  functional 
capability,  reliability,  compatibility  with  the  external  environment,  and  the 
adequacy  of  the  specified  support  functions. 

The  final  phase  will  provide  operational  assessment  and  phasaovar  to  opera¬ 
tional  status.  This  phase  provides  the  opportunity  to  fine-tune  the  system, 
refine  the  certification  requirements  and  standards,  and  develop  the  procedures 
to  be  used  during  operations.  The  operational  proficiency  of  controller 
personnel  on  the  new  system  is  also  further  developed  during  this  time.  The 
evaluation  period  is  completed  when  the  total  system  has  been  demonstrated  to 
be  ready  for  certification. 

The  phaseover  of  the  system  to  operational  use  will  be  accomp I i shed  in 
accordance  with  a  carefully  prepared  phaseover  plan. 


SCHEDULE 


Now  that  CANAC  has  definitely  "taken  off",  it  is  interesting  to  look  at  the 
program  schedules.  Looking  back  at  the  system  definition  phase,  the  project 
has  been  underway  for  a  few  years.  This  time  has  been  spent  determining  all 
requirements  to  be  specified  and  in  preparing  procurement  documentation.  Some 
delay  has  also  crept  into  the  process  as  air  spacs  control  respons i b i I i t i es  had 
to  be  resolved.  These  activities  ere  now  behind  us,  and  Belgium  is  catching  up 
the  lost  time.  Some  of  the  major  milestones  for  the  automation  system  include 
:  final  design  review,  January  1987;  factory  acceptance  tests,  September  1988; 
delivery,  December  1988;  site  acceptance,  June  1989  and  systam  phaaeover, 
December  1989.  The  total  time  from  contract  award  to  phaseover  is  42  months. 


CONCLUSION 


In  conclusion,  I  would  like  to  emphasise  that  CANAC  is 
integrat ions. 

1.  The  integration  of  en-route  and  terminal  control 
shared  system  ; 

2.  The  integration  of  military  control  positions  within 

3.  and  finally,  ths  most  important,  ths  inteoration 
national  centers  and  Maastricht. 

To  enhance  a  little  on  this  third  integration,  CANAC  will  have,  inherent  in  the 
system,  the  capability  of  controlling  traffic  to  FL  300  (and  bayond).  Thie 
capability,  in  coordination  with  the  data  axchange  provided  in  the  third 
integration,  greatly  facilitates  the  possibility  of  backing  up  adjacent 


involved  in  three  major 

capabilities  into  one 

a  civil  fac i I i ty  ; 
of  information  among  4 
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facilities  in  tiaa  of  cantor  failures.  The  RVA/RLW  is  presently  engaged  in 
on-going  discussions  aiaed  at  the  realisation  of  a  Mutually  supportive  Western 
European  ATC  sarvica. 

Now  that  the  'green  light'  has  boon  given  to  CANAC,  and  to  the  activities  of 
this  syaposiua,  I  hope  you  will  find  the  presentations  on  air  traffic 
activities  which  follow  to  be  aost  interesting.  I  also  hops  that  you  will  find 
an  opportunity  to  explore  the  ancient  heart  of  Brussels.  And,  while  wandering 
aaong  the  Many  17th  century  buildings,  if  a  juabo  jet  cliaba  out  over  the  city 
you  aay  get  a  true  sense  of  the  progress  we  have  aade  and  will  continue  to  aake 
as  wa  nova  towards  the  21st  century. 


Figure  1 


Fit-3  CANAC 
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f-i«  4  CAN  AC  automation  system  functional  diagram 


LE  CHOIX  DBS  FUTURS  SYSTEMES  DE  LA  NAVIGATION  AOUENNE  CIVILE 


P" 

Olivier  Caret 

Chef  du  Departement  Radtocommunication  et  Radioguidage  du 
Service  Technique  de  la  Navigation  Aerienne 
Membre  frangais  du  Ccoute  Special  FANS  de  l’OACI 
246  rue  Lecourbe 
7  SO  IS  Paris,  France 


A*sum* 

L' organisation  da  1 ‘Aviation  Civile  Internationale  a  cr*e  un  conit*  spfcial  FANS 
charge  das  futurs  systdmes  de  navigation  adrienne .  I' expos*  ddcrit  la  crdation 
de  ce  coal t*  et  traite  avec  plus  de  ddtail  de  sa  principals  rdunion.  FANS-2.  an 
avril  1985.  II  *voque  aussi  les  travaux  plus  rdcents  de  ce  cosritd.  las  concepts 
de  "surveillance  ddpendante  autonatique"  (AOS),  de  ‘performances  de  navigation 
requises"  (HNFC)  sont  ddcrits.  L'absence  de  discussion  i  FANS  sur  Navstar  est 
regrettde.  Cnfin  1'dvolution  trds  rapide  de  la  situation  dans  1e  domains  des 
comaunications  mobiles  adronautiques  par  satellite  est  ddcrite.  Cette  dvolution 
pourrai t  se  fairs  si  vita  que  1'OACl  n'arrive  pas  i  la  controller,  ce  qui  serai t 
regrettable  pour  l'efficaclt*  du  transport  adrien. 


1  -  INTRODUCTION 

L ' ob Jet  principal  de  cat  cxposd  est  de  ddcrire  1' action  de  1 '  Organisation  de  1‘Avlatlom  Civile 
Internationale  (OACI)  dans  la  mise  an  place  des  futurs  systdmes  de  la  navigation  adrienne  et  plus  parti  - 
culidrement  des  travaux  du  comitd  spdcial  FANS  (Future  Air  Navigation  Systems).  I' auteur  de  cet  expos* 
est  le  membre  de  ce  comit*  ddsign*  par  la  France.  L'exposd  tentera  de  fairs  le  point  sur  1‘ttat  des 
forces  qui  agissent  an  ce  domainc,  i  1'OACl  mais  aussi  hors  de  1‘QACI.  La  situation  dvoluant  de  mois  en 
mois,  cette  partie  de  l'exposd  risque  d'dtre  rapidement  ddsudte,  malgrd  nos  efforts  pour  ne  pas  taaber 
dans  V anecdote. 

un  pays,  les  Etats-unis.  Joue  un  rOle  fondamental  dans  le  ddveloppement  de  l'aviation  civile 
et  le  choix  de  ses  systdmes.  Le  reprdsentant  des  Etats-unis  au  comitd  FANS  se  trouve  avoir  une  forte 
personnalltd,  d  la  mesure  des  intdrdts  qu'il  doit  promouvoir.il  est  l'auteur  de  l'exposd  qui  suit  celui- 
ci ,  expos*  que  nous  suivrons  avec  une  grande  attention. 

2  -  L'ECNEC  O'AEMKAT 

L'aviation  civile  a  fa  1 1 1 1  utiliser  des  satellites.  En  France,  le  Centre  National  d'Etudes 
Spatial es  (CUES)  a  commenc*  i  considdrer  la  question  dds  1966,  11  y  a  vingt  ans.  Le  projet  de  satellite 
adronautique  auquel  participait  l'Agence  Spatiale  Europdenne.  les  Etats-unis  et  le  Canada  s'appelait 
ACNOSAT.  l'OACI,  faisant  suite  aux  vooux  de  nombreux  Etats,  a  crdd  sur  ce  mdme  sujet  un  groups  de  tra¬ 
vail  le  groupe  ASTRA.  Les  dtudes  dconomiques  justifiant  le  satellite  Adroset  on  dtd  faites  avec  le  plus 
grend  sdrieux.  Elies  dteient  cependant  basdes  sur  diverses  hypothdses  malheureuses  •  le  trafic  d'avions 
supersoniques  Concorde  au  desses  da  l'Atlantique,  dtii t  surestimd,  la  place  qu'allaient  prendre  les 
avions  pros  porteurs  an  particulier  le  747  dteit  sous  estimde.  La  navigation  des  avions,  d  1'dpoque 
effected*  par  des  navigateurs  semblait  exiger  une  espdce  de  super  radar,  or  la  diffusion  des  centrales 
*  inertia,  du  Loren  C,  de  1'Qtdga,  ont  changd  le  probldme.  Bian  entendu  les  experts  n'avaient  pas  prdvu 
le  be  scu  lament  de  1  'dconemie  mondial  a  dans  les  difftcultds  qu'elle  coma  f  t  depuls  le  milieu  des  anndes 
70.  Le  projet  Adroset  avait  beau  avoir  fait  l'objet  d'expdrimentetions  et  du  ddveloppement  techniques 
passionments,  11  dteit  abandoned  en  1976,  laissent  chez  to  us  les  directeurs  de  l'aviation  civile  inpli- 
quda,  un  grend  restentiment. 

I  -  L'MUTIC  NATMtLU  K  1‘AVlATI6m  C1V1U 

L'aviation  civile  n'a  pes  beaucoup  de  goOt  pour  les  nouveeutds,  ou  plutdt,  la  ndcessitd  Impdra- 
tive  de  norma  User  let  systdmes  de  1' aviation  civile  d  1'dchelle  nondiale  rend  trds  difficile  et  trds 
codim* a  tout  cbengamant.  Les  pdriodes  de  transition  antre  systdmes  anclens  et  nouveeux  sont  longues.  Le 
cedt  de  1'emport  d'un  double  dquipement  (l'anclen  et  le  nouveau)  pendant  cinq  i  dix  ans  est  exorbitant. 
On  volt  emjeurd'Nei  comae  11  est  pretque  impossible  de  changer  de  systdmes  d'atterrlssege,  de  passer  de 
1'ILS  an  NLS.  tas  campegnles  adriennes  qui  de  loin  accuei llaient  avec  plaisir  la  neuvelle  des  futures 
performances  de  NLS,  s ' apercei vent ,  que  vu  de  prds,  le  US  apporte  d'lnnanbrablos  ddpenses,  medlfi- 
catiens  des  avions,  des  pi lotas  autamatiques,  des  procedures  d'utillsation  des  avions,  da  1 'entralnement 
des  dquipeges ,  des  Nemolagatiens  et  certifications  des  matdriels  et  des  procedures ,  en  dchange  d'avan- 
tages  futurs  trap  tdnus  pour  Justifier  le  cedt  de  la  transition. 

detent  qua  l'OACI  a  dlflni  un  autre  tystdne  dent  1 ' introduction  ne  va  pas  tans  difficult*  :  le 
mode  S  du  radar  secondaire.  Tout  ceci  ne  plouge  pat  dans  1  'enthoutlasme  let  re spon sables  de  l'aviation 
civile.  L' introduction  de  services  satellitalres  n'ira  pat  tans  difficult*. 
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4  -  LA  CREATION  00  FANS 

le  nouveau  dipart  des  riflexlons  sur  les  satellites  aeronautlques  est  venu  a  l'lnltlative 
d1 INMARSAT  en  1982.  L'agence  INMARSAT  est  une  agence  Internationale  dont  le  siige  est  a  Londres  et  qul 
vend  des  com  unications  tiliphonlques  entre  navlres  en  ner  et  reseau  comute  terrlen.  Elle  met  en  oeuvre 
des  satellites,  MARECS  et  MARISAT,  lancis  11  y  a  longtemps  (1977  pour  le  plus  anclen).  Avant  de  coman- 
der  des  satellites  de  seconde  generation  en  1983,  Inmarsat  a  demand!  l'avls  de  l'OACl,  qul  a  repondu 
evaslvement,  et  i  I 'association  Internationale  des  compagnles  aerlennes,  1’IATA  qul  a  declare  ne  rlen 
voulolr  de  plus  que  l'OACl.  Cependant,  a  partlr  d'une  Initiative  amirlcalne,  l'OACl  decldalt  de  revenlr 
a  1 ' etude  des  satellites.  Elle  souhaltalt  que  ce  travail  de  reflexion  ne  cherche  pas  a  Imposer  des 
satellites  plutit  que  toute  autre  solution  eventuellement  mol  ns  coQteuse.  Elle  deslralt  que  les  probli- 
mes  de  1'avlatlon  civile  solent  vus  de  fagon  globale  en  consldirant  1 'ensemble  du  systene.  Pour  evlter 
de  tomber  entre  les  Mins  de  savants,  elle  dicldalt  qu'11  fallalt  crier  un  groupe  de  responsables  de 
haut  niveau  hlerarchlque.  Certains  itats,  dont  la  France,  n'ont  pas  sulvl  cette  dernlere  recommendation. 
Le  Comlti  spiel al  sur  les  systems  de  la  navigation  aerlenne  du  futur  (FANS,  Future  Air  Navigation 
Systems)  est  done  compos!  de  membres  emlnents  provenant  des  pays  sulvants  : 

Arable  Seoudlte,  Argentine,  Australle,  Bresil,  Canada,  Oanemarlc,  Espagne,  France,  Allemagne 
FWerale,  Islande,  Inde,  Irak,  Italie,  Pays  8as,  Japon,  Tanzanle,  Royaume-Unl ,  Etats-unis,  URSS. 

L'lATA  est  le  plus  Important  des  "observateurs"  du  groupe  e'est  a  dire  des  associations  repre- 
sentees  a  FANS  qul  ne  sont  pas  des  Etats.  Hals  on  trouve  aussl  1'IFALPA  (syndlcat  des  pllotes  de  ligne), 
1'IAOPA  (pllotes  prlvis),  1'IFATCA  (contrCleurs  de  la  circulation  aerlenne),  des  agences  operatlonnelles 
Importantes  comme  1' Agence  Spatlale  Europienne,  l'ASECNA  (Association  pour  la  securite  de  la  navigation 
aerlenne  en  Afrlque  et  i  Madagascar)  et  INMARSAT,  envolent  des  representants  aux  travaux  de  FANS. 

Au  lieu  d'en  falre  un  banal  groupe  de  travail,  le  consell  de  l'OACl  a  donne  a  FANS  Le  tltre 
rare  de  “Comlti  Special",  e'est  i  dire  que  FANS  rend  compte  de  son  action  au  consell  de  l'OACl  qul  en 
est  1'organe  exicutlf,  plutftt  qu'i  la  Comission  de  navigation  aerlenne,  qul  ressemble  plus  a  un  comite 
technique. 

Le  comlte  special  FANS  s'est  reuni  deux  fois.  11  a  cholsi  pour  president,  un  personnage  celebre 
pour  sa  science  de  l'OACl,  sa  sagesse,  son  autorite  et  son  humour,  le  directeur  de  la  navigation  aerlen¬ 
ne  hotlandaise,  M.lan  Smlt. 

A  FANS- 1  en  1984,  le  groupe  a  fait  connalssance  et  a  essay!  de  ridlger  son  propre  mandat  de 
fagon  un  peu  ditallle  comme  on  le  lul  demandalt.  Le  domaine  que  s'attrlbue  le  FANS  n'est  pas  1 'ensemble 
de  la  navigation  eirlenne  Mis  plutit  les  moyens  rad1o!lectr1ques  qul  unlssent  les  avlons  a  la  planete, 
e'est  i  dire  les  moyens  de  commuNlcatlon ,  de  Mvlgatlon  et  de  surveillance  du  traflc,  ensemble  que  nous 
appellons  iligamment  par  leurs  Inltlales  :  le  systime  C.N.S. 

5  -  COBMMCATIONS,  NAVIGATION.  SURVEILLANCE 

Le  contrdle  de  la  navigation  airlenne  vise  a  assurer  un  service  public,  1'achemlnement  de  tous 
les  avlons  vers  leur  destination  en  velllant  a  trois  objectlfs,  sicurlte,  r!gular1t!  et  iconomle. 

Le  besoln  de  sicurlt!  est  ivldent.  Un  vol  d'avlon  de  transport  public  sur  un  million  se  ternlne 
traglquement.  Tous  les  quatre  ou  cinq  ans,  un  avion  de  transport  public  est  ditruit  en  vol  par  une 
collision  avec  un  autre  avion.  Cette  securlt!,  encore  Imparfaite,  exige  une  nlnutle  scrupuleuse  de  la 
part  d' innombrables  agents.  La  securite  peut  parfols  itre  abordie  de  fagon  scientiflque  et  on  peut  pas¬ 
ser  par  le  calcul  des  probability  du  taux  d'erreur  par  bit  d'une  transmission  de  message  a  un  risque 
opiratlonnel  Inadmissible.  Certains  rlsques  sont  cependant  dl ff Id les  a  aborder  *  que  devlendraient  une 
flotte  d'avions  en  vol  si  par  la  panne  d'un  ou  deux  satellite,  toute  communication  entre  eux  et  le  sol 
eta  It  perdue  7 

La  rigalarlti  est  1 'exigence  d'essurer  le  transport  avec  la  mime  efficacite  quel  que  solt 

1 'envlronnement  :  mitiorologle,  dens  it!  du  traflc  airlen  etc _ Sur  1'Atlantlque  Nord  que  tout  le  monde 

veut  traverser  dans  le  mime  sens  i  la  aHm  heure,  ce  problime  est  Important.  Nous  y  revlendrons. 

L '  tcememle  du  transport  airlen  comp  rend  blen  s&r  le  mellleur  choix  des  iliments  du  systene  de 
contrile  qul  ne  dolt  pas  itre  plus  complexe  que  nicessalre.  Mals  e'est  aussi ,  depuls  toujours,  la  nices- 
slti  de  ne  pas  Mlntenlr  les  avlons  en  1'alr  Inutllement  solt  par  des  procidures  d'attente,  solt  par  des 
chmlnemnts  trop  longs.  Depuls  peu,  1 'iconomle  vise  aussl  i  permettre  aux  avlons  de  choisir  un  profil 
du  vol  et  des  vltesscs  qul  penwttent  d'iconomiser  le  Mximum  de  carburant.  Cet  objectlf  n'est  pas  tris 
facile  i  esturmr  et  11  ne  doit  guire  y  avoir  que  sur  le  Paclflque  Sod  qu'on  puisse  laisser  1 'avion  sul- 
vre  une  trajectolre  ascendante  economlque.  Rappel ons  que  le  coCt  des  moyens  au  sol  CNS  sont  de  plus  en 
plus  souvent  Imputis  aux  exploltants  d'aironefs  par  le  moyen  de  redevances  diverses. 

Face  i  cm  objectlfs,  le  systim  CNS  n'est  lul  mime  qu'un  moyen  entre  les  Mins  de  ceux  qul 
girent  1 'aspect  airlen.  U  est  clelr  qu'on  peut  envlsager  divers  types  de  compromls  techniques  entre  les 
perforMnces  des  comunlcatlons,  navigation  et  surveillance.  Par  example  le  contrile  peut  tlrer  ses 
Informations  sur  las  positions  das  avlons  da  diverses  sources  :  la  plan  da  vol  de  1 'avion,  les  conptes 
rendus  de  position  comunl quit  par  las  pllotes  ou  1m  moyens  de  surveillance  radar.  Dm  systimes  peuvent 
fonctlonner  avec  da  bonnes  navigations  et  da  Muvalses  comunlcatlons  comma  sur  1’Atlantlque  Nord,  ou 
au  contralne  an  survalllant  attentlvenent  des  avlons  qul  obiissent  passlvement  au  contr&leur  come  dans 
cartainos  approchas. 
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6  -  WHS-2 

La  principal*  reunion  da  FANS  fut  $a  seconde  reunion  FANS -2  qul  fut  tenue  du  10  au  26  avrll 
IMS  au  slige  da  l'OACI,  4  Montrfal.  L'ordre  du  jour  !ta1t  le  sulvant  : 

-  !tude  d*  61  tents  concrets  sur  les  besolns  non  satlsfalts,  actuels  et  futurs, 

-  examen  des  besolns  de  spectre  de  frequence  en  vue  de  prSparer  la  defense  de  l'a!ronaut1que  a 
la  reunion  mondlale  de  l'U.l.T  sur  les  communications  Mobiles  de  1987  (CAMR/MOB  97  en  fran- 
gals,  MARC  en  anglais) 

-  elaboration  de  scenarios  representant  des  situations  typlques  dans  le  monde, 

-  etude  pr!11m1na1re  des  performances  des  systimes  necessalres  pour  rtpondre  aux  besolns  non 
satlsfalts, 

-  echanges  de  vues  sur  les  aspects  Instttutlonnels  de  la  gestlon  des  syst!mes  Internatlonaux 
CNS, 

-  activity  futures. 

Cet  ordre  du  jour  decoulalt  de  la  fagon  dont  FANS  avalt  r!dig!  un  plan  de  travail  6  FANS-1.  La 
plupart  de  ces  tiches  etalent  Infalsables  a  court  ter«e.  La  reunion  FANS-2,  a  partlr  de  cet  ordre  du 
jour  pas  tres  satlsfalsant,  a  pu  degager  quelques  Idees  fortes  et  1nt!ressantes.  O' autre  part,  certalnes 
de  ces  Idees  ont  avance  depuls  FANS-2  au  cours  de  trols  reunions  offlcleuses  tenues  a  Montreal  (novembne 
1985),  Washington  (mars  1986)  et  Brunswick  (avrll  1986). 

7  -  LES  1NSUFFISANCES  DU  SYSTEME  ACTUEL 

Le  groupe  FANS  s'etalt  done  charge  lul-mSme  de  trouver  dans  le  Monde  de  l'avlatlon  d'aujour- 
d'hul ,  des  "Insufflsances"  (shortcomings)  des  "besolns  non  satlsfalts*.  Nous  avons  ouelques  doutes  sur 
ces  objectlfs.  11  est  Inutile  de  se  plalndre  de  certains  falts  :  par  exenple  qu'll  n  y  alt  pas  assez  de 
MOyens  en  Afrlque,  car  on  y  trouve  les  moyens  compatibles  avec  le  petit  nombne  de  vols  qul  la  survole. 
En  revanche,  on  peut  essayer  de  trouver  des  domalnes  ou  un  progr!s  au  co&t  abordable,  anellorer  consl- 
derablenent  une  situation.  Cecl  n'est  pas  si  facile  :  voir  le  MLS. 

La  llste  des  Insufflsances  dressee  par  FANS-2  est  assez  longue.  Elle  commence  par  un  point  qul 
peut  orlenter  tout  le  reste  de,V  affaire.  L'avlatlon  civile  est  gSnee  par  les  contralntes  dues  a  la  pro¬ 
pagation  optlque  des  on  des  ra(pp  aux  frequences  utlllsees  aujourd'hul.  Cela  Impllque  de  multiplier  des 
moyens  au  sol  et  nult  6  la  souplesse  de  1'utlllsatlon  de  1'espace  aerlen.  SI  ce  point  est  consider! 
comme  fundamental ,  11  faut  passer  aux  satellites.  Mals  comblen  d'avlons  ou  d'hellcopteres  evoluent  a 
basse  altitude?  Esperons  que  le  comite  pourra  creuser  un  peu  plus  cette  question. 

Les  autres  Insufflsances  noties  par  le  groupe  sont  : 

-  le  manque  de  moyens  au  sol  dans  blen  des  regions,  faute  de  Justification  economlque  (traflc 
aerlen  falble)  ou  faute  de  possibility  techniques  (ocians,  zones  polalres), 

-  le  dicoupage  des  espaces  a!r1ens  qul  conpllque  les  operations  aerlennes  (mals  qul  est  souvent 
dO  4  des  questions  de  defense  natlonale), 

-  le  malntlen  de  techniques  dipassies  et  coQteuses  (les  communications  HF  par  exemple), 

-  le  manque  de  moyens  d'fchange  de  donnees  codees  avlons/sol  (notons  que  l'OACI  travallle  actl- 
vement  aujourd'hul  4  diflnlr  un  moyen,  le  mode  S  du  radar  secondalre,  qul  pourralt  jouer  ce 
rflle  14  ou  la  couverture  radar  est  assurte), 

-  le  manque  oe  souplesse  dans  le  cholx  des  chemlnements  (obligation  de  voler  sulvant  une 
succession  de  tronqons  de  voles  a!r1ennes  en  Hgne  brlsie), 

-  le  manque  de  moyens  de  guldage  et  de  surveillance  sur  la  surface  des  a!roport$  (rappelons  le 
drame  de  T4n!r1ff!  :  aucune  solution  simple  aujourd'hul  qul  pulsse  s'appllquer  a  un  aerodrome 
de  ce  genre.  Ce  point  a  le  difaut  de  ne  pas  se  resoudre  avec  des  satellites), 

-  la  nicesslti  de  dlmlnuer  les  espacements  vertlcaux  entre  avlons  dans  1'espace  superleur  (au- 
dessus  du  niveau  290).  C'est  dans  ce  domalne  que  tout  progris  peut  entralner  d' Importantes 
Economies  de  carburant.  Cet  objectlf  connu  mals  difficile,  est  diji  trait!  par  d'autres  grou- 
pes  de  l'OACI  et  d' EUROCONTROL. 

8  -  LA  ’SURVEILLANCE  DEFENOANTE  AUTOMAT I QUE*  (AOS,  Automatic  Dependant  Surveillance) 

L*  comlt!  spiclal  FANS,  sous  1'lmpulslon  de  Sleg  Porltzky,  Etats-unls,  a  consider!  qu'll  y 
avalt  beaucoup  4  gagner  par  1'lntroductlon  de  la  surveillance  dipendaate  automatlque  (ADS).  L' ADS  seralt 
un  systlme  dans  lequel  tous  les  avlons  d'un  espace  airlen  communlqueralent  automatlquement  leur  position 
au  centre  de  contrble  qul  a  la  charge  de  cet  espace  airlen.  Le  message  avion/sol  cod!  conslsterait  prln- 
clpalement  dans  les  coordonn!es  giographl ques  de  1'avlon  telles  qu'elles  sont  mesur!es  par  le  systine 
de  navigation  de  1'avlon.  La  precision  de  la  navigation  des  avlons  a  cons1d!rablement  !volu!  avec  les 
poislbtlltes  offertes  aux  avlons  riches  par  les  centrales  4  loertle,  mals  aussl  dans  certains  pays  par 
le  Loren  C  (mals  la  France,  par  exenple  n'est  pas  couverte  en  Loran  C),  par  l'0m!ga,  et  m!me  par  les  VOR 
et  (NC  classlques  dont  les  Informations  peuvent  #tre  traltes  par  des  calculateurs  de  navigation  embar- 
qu6s,  Dans  les  zoom  sans  couverture  radar,  ou  plutbt  14  ou  1  '!tabl1ssement  d'une  couverture  radar 
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seralt  d'un  cout  excesslf  (levant  les  noyens  des  operateurs  d'avlons,  1'AOS  seralt  une  amelioration 
Indlscutable.  C'est  d'abord  1e  cas  de  l'Atl antique  Nord,  ou  le  traflc  n’est  pas  Immense  (40  avlons  gros 
porteurs  dans  chaque  sens,  cheque  jour)  mals  ou  11  est  tres  concentre  dans  l'espace  et  dans  le  temps. 
Toute  amelioration  de  la  souplesse  du  contrSle  amineralt  des  economies  de  pitrole  en  permettant  de  rap- 
procher  les  avlons  les  uns  des  autres  sur  les  itlniralres  optlmaux.  La  mlse  en  oeuvre  de  1'ADS  pourralt 
#tre  facile  a  adapter  4  chaque  cas.  On  pourralt  demander  des  points  de  report  plus  ou  molns  frequents 
sulvant  la  denslte  du  traflc. 

Cette  notion  a  un  peu  avanc#  au  cours  de  la  recente  reunion  FANS  de  Washington.  II  est  admls 
malntenant  que  le  message  AOS  comprendra  toujours  les  trols  coordonnees  de  1 'avion  (longitude,  latitude, 
altltude-presslon )  et  un  facteur  de  quallte,  qul  donneralt  une  Idee  de  l'erreur  possible  de  1'estlma- 
tlon  de  position  ou  de  la  probability  d'erreur  grave.  Le  sol  pourralt  reclamer  s'  11  en  a  besoln  d'autres 
parametres  en  envoyant  un  ordre  code.  Cltons  panel  ces  paramitres  les  elements  du  vecteur  vltesse  de 
1'avlon,  ou  les  coordonnees  des  deux  prochains  points  tournants  (waypoints). 

La  surveillance  Independante  automatlque  exlste  deja  aujourd'hul  dans  le  plan  vertical  avec  le 
report  de  1' attitude  du  node  C  du  radar  secondalre. 

11  est  possible  que  1'ADS,  si  elle  s'avere  efflcace,  remplace  le  radar  secondalre  dans  des 
endrolts  Isoles.  il  n'est  guere  Imaginable  que  1'AOS  remplace  tous  les  radars  secondalres.  Le  sulvl  des 
avlons  en  zones  termlnales  exlge  un  renouvellenent  frequent  (toutes  les  5  secondes)  de  l'lnformatlon  de 
position  et  une  precision  inportante  qui  n'est  pas  en  rapport  avec  ce  qul  permettralt  une  collecte  de 
donnees.  J'adnets  cependant  que  ce  point  nerlteralt  d'Stre  consider#  de  plus  pres  . 

9  -  LA  DEFENSE  DES  FREQUENCES  AERONAUT 1QUES 

L'aeronautlque  dispose  de  deux  bandes  de  frequence  pour  les  liaisons  aeronautiques  par  satel¬ 
lite,  11  s'aglt  des  bandes  1545  MHz  4  1559  MHz  et  1646  NHz  a  1660  MHz.  Ces  bandes  sont  restees  en  fri- 
che  depuls  qu'elles  existent  (a  un  client  pres  ;  VOLNA,  URSS).  Cet  etat  d'abandon  est  scandaleux  au 
moment  ou  la  conmunaute  des  telecommunications  ne  salt  ou  trouver  la  bande  necessalre  aux  Innombrables 
vehlcules  terrestres  qul  seront,  paratt-11  un  jour,  bqulpes  de  liaisons  t#l ephonl ques  ou  des  moyens  de 
nessagerle  . 

Les  grandes  decisions  sur  cette  bande  seront  prises  a  Geneve  en  1987.  FANS  a  repris  a  son 
conpte  le  plus  clalr  d'un  document  amerlcaln  qul  prouve  que  les  deux  fols  quatorze  megahertz  de  la  bande 
L  aeronautlque  sufflront  4  peine  4  deux  types  de  communication,  les  communications  de  la  circulation 
adrlenne  (ATC)  qul  mettent  en  jeu  la  security  de  1 'aviation,  et  les  besolns  des  operations  des 
compagnles  ayrlennes  (AOC,  Airline  Operatlonnal  Control)  qul  sont  Importantes  pour  l’economle  du  trans¬ 
port  ayrien.  Ce  calcul  exclut  un  usage  qui  semble  appel e  a  sp  developper,  le  tyiyphone  public  m Is  a  la 
disposition  des  passagers  (PPC,  Passenger  Public  Correspondence).  Ce  calcul  se  base  sur  de  nombreuses 
hypotheses  dlfflclles  a  Justifies  par  exemple  1'efflcaclte  des  vocodeurs  de  l'avenlr  (faudra-t-11  64 
kilobits  par  seconde  pour  passer  une  volx  numyrlsee,  ou  16  kilobits  comme  avec  le  codage  Delta,  ou  8 
kilobits  comme  cela  semble  possible  en  1986  ou  molns?),  la  directivity  des  lobes  des  satellites,  le  tra¬ 
flc  aerlen,  etc...  Hals  qul  peut  prevolr  mleux  ? 

Depuls  FANS-2 ,  11  y  a  plus  d'un  an,  les  questions  evoluent  un  peu,  pas  dans  le  sens  -ue  souhal- 
teralent  les  avlateurs.  D'une  part,  tous  les  prestataires  de  service  de  conoiunicatlons  aeronautiques  par 
satellites,  comptent  blen  que  le  telephone  des  passagers  passera  par  les  mimes  equlpements,  et  done  la 
mine  frequence  que  l'ATC  et  l'AOC.  D'autre  part,  certains  experts  almeralent  bien  que  l'on  autorise  les 
vehlcules  terrestres  a  partager  les  moyens  satellltalres  de  l'avlatlon.  Enfln,  l'avlatlon  civile  decou- 
vre  avec  etonnement  en  1986  un  client  de  la  bande  L  aeonautique  que  tous  les  autres  speclallstes 
connalssalent  depuls  longtemps,  11  s'aglt  du  systime  sovlitlque  VOLNA  que  le  secretariat  de  1 '  1FRB  et 
que  les  Etats  ont  lalsse  s’etendre  dans  toute  cette  bande  et  qul  avec  ses  8  satellites  actlfs  et  ses  13 
satellites  pr#vus  llmlte  les  possibllltis  futures  de  l'avlatlon  civile. 

Nous  esperons  personnel lement  que  dans  chaque  pays,  les  responsables  de  l'aviation  civile  sau- 
rons  convalncre  leur  PTT  qu'lls  ne  peuvent  renoncer  4  la  seule  vole  ouverte  au  progres  des  communi¬ 
cations  de  l'avlatlon,  cette  bande  L  aironautlque. 

10  -  LA  NAVIGATION  ET  LE  CONCEPT  DC  RNPC 

Pour  se  dibarasser,  dans  la  mesure  du  possible,  des  questions  de  radionavigation,  et  pour 
permettre  1’ Introduction  de  nouveaux  moyens,  notamment  de  NAVSTAR-GPS,  11  etalt  naturel  d'essayer 
d'itendre  4  tous  les  espaces  contrSles  la  notion  actuellement  utlllsee  sur  les  voles  de  l'Atlantlque 
Nord,  de  MNPS  (  Minimum  Navigation  Performance  Specification).  Rappelons  qu'une  llste  des  moyens  dont 
un  avion  doit  ob  1  iga to  1  remen t  itre  equip#  est  en  g#n#ral  publlbe  par  les  #tats.  En  France,  11  faut, 
entre  autres  moyens,  avoir  un  VOR  4  bord  pour  voler  en  IFR  et  1'emport  d'un  OME  est  obllgatolre  par 
exemple  dans  les  espaces  contrbles  de  la  region  parlslenne.  Ce  type  de  riglementatlon  est  un  peu  depasse 
lorsque  les  avlons  sont  #qu1p#$  de  centrales  4  Inertle  de  quality.  Sur  l'Atlantlque,  4  la  suite  de  cal- 
culs  pricls  sur  la  probability  de  collision  entre  avlons  volant  sur  des  voles  paralliles,  une  norme  a 
#t#  diflnle.  Les  operateurs  d'aironefs  dolvent  prouver  aux  autorltis  de  l'avlatlon  civile  de  leur  pays, 
qu'lls  tlennent  cette  norme  (erreur  de  navigation  et  erreur  de  pilotage)  s'lls  veulent  avoir  acces  4 
l'OTS  (Organised  Track  System).  Les  pays  chargis  du  contr&le  de  1'OTS  virlfient  avec  leurs  radars  que, 
sur  la  portion  d'OTS  4  portie  de  radar,  les  dispersions  des  trajectolres  sont  blen  conformes  4  la  r#gle- 
mentatlon  MNPS. 

II  seralt  Intiressent  d'itendre  ce  concept  aux  autres  espaces  airlens,  mals  11  devlent  diffi¬ 
cile  de  falre  des  calculs  de  probability  lorsque  les  voles  airlennes  se  recoupent  de  faqon  complexe.  La 
solution  la  plus  simple  conslste  4  deflnlr  quatre  ou  cinq  nlveaux  de  quality  de  navigation.  Pour  avoir 
accis  4  un  certain  espace  airlen,  les  autorltis  locales  exlgeralent  une  quality  donnie,  ce  seralt  le 
RNPC  (Required  Navigation  Performance  Capability  ou  quality  de  navigation  requite).  Les  opirateurs 
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d'avlons  devralent  prouver  a  leurs  autorites  qu'lls  tlennent  ce  niveau  avec  1'equlpement  de  bord  qu'lls 
ont  cholsl.  Ce  type  de  loglque  permettralt  a  ceux  qul  ont  fait  les  frals  d'un  systime  precis  et  sOr  de 
debarquer,  enfln,  leurs  radiocompas  ou  leur  recepteur  VOR.  C'est  aussl  la  porte  ouverte  i  NAVSTAR  et 
autre  systimes  a  satellites,  a  condition  qu'lls  sulvent  les  specifications.  Ces  specifications  compren- 
dront  la  precision,  blen  sDr,  mals  aussl  le  rythme  mlmlmum  de  renouvel 1 ement  de  T Information,  la  detec¬ 
tion  des  pannes,  le  temps  maximum  pour  detecter  une  panne,  1 'obligation  de  se  referer  &  un  geotde  norma¬ 
lise,  etc... 

II  est  difficile  de  savolr  comment  on  peut  fixer  de  fagon  unlverselle  I'1nt5gr1t5  d'un  systime 
de  navigation,  c'est  a  dire  la  certitude  que  des  Informations  erronies  ne  seront  pas  utlllsies  comae 
bonnes.  Le  concept  a  ete  lentement  murl  pour  I'lLS  et  1'atterrlssage  tout  temps.  Mals  le  probldme  se 
pose  dlff^remment  pour  un  systime  a  satellites  multiples.  Quelques  experts  de  la  FAA  et  quelques 
consultants  aux  Etats-Unls  connalssent  un  peu  mleux  la  question  et  je  rends  hommage  l  la  FAA  qul  est 
actuellement  Isolee  dans  sa  defense  de  I'lntigrlte  face  aux  sectateurs  de  GPS.  Les  dibats  sur  ce  sujet 
se  passent  surtout  dans  le  groupe  de  travail  SC  159  de  RTCA  (Radlotechnlcal  Commission  for  Aeronautics). 
Helas,  1'OACI  est  aujourd'hul  absente  de  ces  debats  et  11  semble  mime  que  certains  membres  du  FANS 
souhaltent  tenlr  FANS  en  dehors  de  ces  questions  de  navigation.  II  me  semble  anormal  de  malntenlr 
1’OACI  hors  de  ce  dibat.  La  definition  du  concept  de  RNPC  est  excellente.  El  le  rejoint  d'allleurs  des 
travaux  deja  entreprls  dans  d'autres  organlsraes  comme  le  comite  NAVSEP  d' EUROCONTROL.  Dans  divers  pays, 
dont  la  France,  on  volt  clrculer  des  projets  de  textes  exlgeant  des  valeurs  dlverses  de  dispersion  des 
erreurs  de  navigation  et  de  pilotage  (erreur  technique  de  vol).  Cependant,  11  ne  semble  pas  admissible 
que  des  pays  dlfferents  reaglssent  dl ff eremment  a  des  propositions  d'equlper  un  avion  de  GPS  (ou  de  tout 

autre  systeme).  Dans  ce  cas,  ou  blen  les  Etats  recoplent  ce  qu'ont  falts  par  exemple  les  Etats-Unls 

(c'est  deja  le  cas  dans  de  nombreux  domalnes),  ou  le  cas  est  discute  dans  un  forum  International,  et 

l'OACI  est  la  pour  ga.  Ces  discussions  de  TOACI  coOtent  un  peu  en  frals  de  mission,  mals  elles  ont 

prouve  qu'elles  constituent  un  filtrage  tris  efflcace  des  erreurs,  des  negligences,  ou  des  caprices  dont 
nous  sommes  tous  capables  quand  nous  redlgeons  un  texte  dans  l'lsolement. 

Pour  rester  dans  le  domalne  des  reflexions  d'un  membre  du  FANS  qul  ne  sont  pas  celles  de  tout 
le  FANS,  je  voudrals  exprimer  a  la  fols  mon  admiration  pour  un  systeme  aussl  extraordinaire  que  GPS  et 
ma  meflance  pour  ce  mime  systeme  avec  la  constellation  (18  satellites  operatlonnels  plus  trols  rechanges 
sur  orblte)  Insufflsante  qul  est  privue  aujourd'hul.  Dlverses  solutions  existent  pour  amellorer  le  sys¬ 
teme,  elles  posent  des  problemes  d'organlsatlon ,  de  flnancement  mals  pas  de  probleme  technique.  Cltons 
la  posslbllte  d'lntegrer  dans  un  mime  recepteur  des  satellites  GPS  amerlcalns  et  des  satellites  etran- 
gers  et  surtout  la  possibility  d'ajouter  une  fonctlon  GPS  sur  des  plateformes  en  orblte  giostatlonnalre. 
II  seralt  dommage  que  la  situation  reste  bloquee. 

11  -  PREMIER  ESSAI  DE  DESCRIPTION  DU  SYSTEME  CHS  FUTUR 

Le  comite  a  redlge  en  une  clnquantalne  de  Hgnes  une  premiere  et  prudente  description  du 
systeme  CNS  futur.  En  void  un  concentre  : 

-  Systemes  de  navigation  i  satellites  de  plus  en  plus  repandus  et  fournlssant  longitude, 
latitude  mals  aussl  temps  unlversel  et  altitude  giocentrlque, 

-  atterrlssage  de  priclslon  par  MLS  (notons  le  silence  prudent  sur  la  survle  du  DME  assocle  au 
MLS), 

-  altitude  baromitrlque,  mals  applications  possibles  de  1 'altitude  geocentrlque  (detection 
d’erreurs  de  l'altltude  barometrlque  par  exemple), 

-  developpement  de  la  surveillance  automatlque  dipendante  (reports  de  position  automatlque  de 
l'avlon  vers  les  centres  de  contrble), 

-  communications  de  donnies  alr/sol  par  satellites,  avec  possibility  de  communications 
vocal es, 

-  possibility  d'utlllser  1'equlpement  de  bord  destlni  aux  liaisons  par  satellite  pour  effectuer 
des  liaisons  dlrectes  avlon-sol  dans  les  zones  termlnales. 

Cette  description  lalsse  de  nombreuses  questions  sans  reponses,  cltons  pile  mile  : 

-  les  comnunlcatlons  en  HK  vont  peut  itre,  enfln,  dlsparaltre  mals  FANS  espire-t-11  aussl  se 
debarasser  de  la  VHF  pour  que  toutes  les  communications  solent  concentries  dans  1 'unique 
bande  l  aeronautlque  ?  Dans  ce  cas  la  bande  L  n'est-elle  pas  trop  etrolte  ? 

-  Iraaglne-t-on  que  le  radar  secondalre  pulsse  dlsparaltre  un  jour  ? 

-  Exlstera-t-11  un  systime  embarque  d'antl  collision  conme  l'A-CAS,  basi  sur  les  slgnaux  au 
format  du  radar  secondalre? 

-  Fermera-t-on  un  jour  les  NOG,  les  VOR  ? 

-  SI  on  garde  le  H.S,  a-t-on  vralment  besoln  de  garder  le  DME  de  priclslon  qul  en  est  un  51i- 
ment,  surtout  si  le  DME  en  route  dolt  dlsparaltre  avec  les  VOR  ? 

On  peut  aussl  se  poser  des  questions  sur  le  rflle  que  joueront  les  ichanges  vocaux  dans  l'avenlr 
et  blen  d'autres  questions  Importantes.  Le  groupe  FANS  a  done  du  pain  sur  la  planche. 


r 
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12  -  VERS  FANS-3. 

La  prochaine  reunion  FAN S  aura  lieu,  on  le  salt  depuls  peu,  du  4  au  20  novembre  prochain  (1986). 

Entre  FANS-2  qul  date  d'avrll  1985  et  FANS-3  le  groupe  s'est  donne  dl verses  tiches  dont  void 

la  llste  : 

-  poursulte  de  la  reflexion  sur  la  surveillance  dependante  automatlque, 

-  reflexions  sur  les  besolns  de  communication  air-sol,  volx  et  donnees,  et  sur  ce  qul  peut  6tre 
commun  a  des  systemes  utilises  slmultaniment  dans  une  phase  transltolre  (par  exemple,  ACARS- 
HF,  mode  S  du  radar  secondalre,  et  transmission  de  donnees  par  satellite), 

-  developperaent  du  concept  de  RNPC  (probablement  par  le  groupe  RGCSP  de  1'OACl), 

-  avenlr  de  1 'anti -col  11  si  on  embarquee,  possibility  d'etendre  sa  portee  a  40  mllles  nautlques, 

-  llste  des  Insufflsances  des  moyens  actuels  dans  chaque  region  de  l'OACl, 

-  probleme  de  la  circulation  I  la  surface  des  aeroports, 

-  sulvl  de  revolution  de  la  question  des  separations  vertlcales  au-dessus  du  niveau  290, 

-  localisation  des  avlons  accldentes, 

-  amelioration  de  la  description  du  systeme  futur, 

-  sulvl  du  sort  des  bandes  de  frequence  1545  a  1559  MHz  a  1646,5  a  1660,5  MHz, 

-  recuell  de  documentation  sur  les  systemes  de  satellite  appllcables  au  CNS, 

-  mlse  au  point  de  "scenarios" ,  c'est-a-dlre  de  quelques  cas  typlques  d'espace  aerlen  et  de  la 
fagon  dont  chacun  evoluera  de  la  situation  actuelle  au  systeme  futur, 

-  etude  de  la  fagon  dont  devralent  8tre  geres  les  systemes  futurs  CNS,  notamment  par  satellites 
(agence  Internationale  exlstante  ou  a  creer,  r51e  du  prive.etc...) 

-  evolution  des  traltements  des  donnees  dans  les  centres  de  contrOle  et  adaptation  de  ceux-cl 
a  la  surveillance  dependante  automatlque, 

-  recuell  de  renselgnements  economiques  divers  et  etudes  economiques  eventuel  lenient  necessaires. 

Ces  taches  sont  un  melange  bureaucratlque  d'axes  de  recherches  Importantes,  de  details,  de 
taches  possibles  et  de  taches  impossibles.  11  etalt  difficile  de  faire  mleux  dans  le  temps  d'une  reunion. 
Parml  ces  points,  certains  avancent  un  peu  :  la  mlse  au  point  de  l'ADS  est  celul  qui  va  le  mleux. 

L'etude  de  scenarios  qul  decrlralent  la  situation  de  l'avlatlon  civile  aujourd'hul  et  dans 
vlngt-clnq  ans  va  lentement.  Les  espaces  aerlens  typlques  que  decriraient  ces  scenarios  seralent 
l'Atlantlque  Nord,  la  circulation  en  route  au-dessus  de  l’Europe,  une  zone  termlnale  typlque,  la  TMA  de 
Francfort,  les  espaces  aerlens  de  I'Afrique  de  1'ASECNA  et  du  Bresil.  En  novembre  on  aura  peut  etre  une 
description  de  l'etat  present,  ce  qul  n'est  pas  d'un  InterSt  glgantesque.  Certains  organismes  souhaitent 
avoir  le  temps  de  simuler  sur  des  ordinateurs  la  circulation  aerlenne  du  trolsieme  mlllenalre.  II  serait 
tres  Interessant  de  disposer  de  tels  travaux  mals  on  peut  douter  qu'lls  soient  acheves  en  temps  voulu. 

Restent  deux  sujets  qul  ont  avance  un  peu  et  dont  nous  voudrlons  parler  pour  conclure  ce  sont 
ceux  lies  a  l'organlsatlon  d'un  service  de  communications  aeronautlques  par  satellites.  Au  FANS,  ce  su- 
jet  est  partage  en  deux,  l'un  tralte  de  la  normalisation  technique  des  slgnaux,  l'autre  de  la  fagon  dont 
11  faudrait  gerer  les  organismes  de  communications  aeoronautlques  par  satellite.  En  fait,  du  technique 
au  politique,  la  frontiere  est  peu  visible  . 

13  -  LES  COMMUNICATIONS  PAR  SATELLITE 

Le  systeme  vers  lequel  nous  derlvons  est  un  systeme  de  communications  en  bande  L  qui  compor- 
teralt  les  fonctlons  sulvantes  : 

a)  communications  pour  le  contrSle  de  la  circulation  aerlenne  (ATC,  Air  Traffic  Control)  codes 
et  eventuel lement  volx, 

b)  communications  techniques  Internes  aux  compagnles  aerlennes  (AOC,  Airline  Operatlonnel 
Control),  codes  et  Eventuel lement,  volx, 

c)  communications  publlques  des  passagers  (PPC,  Passenger  Public  Correspondence )  c’est  a  dire 
le  telephone  public. 

La  bande  dlsponlble  est  de  deux  fols  14  megahertz,  de  1545  &  1559  MHz  pour  la  vole  descendante, 
de  1 'avion  au  satellite  et  de  1646  a  1660  MHz  pour  la  vole  montante. 


Le  march#  semble  exlster  dans  les  trols  domalnes,  ATC,  AOC  et  PPC. 
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Le  besoln  ATC  exlste  sur  l'Atl  antique  Nord  ou  on  pourralt  certalnement  fair*  un  mellleur  usage 
de  l'espace  aerlen  si  Ton  pourralt  mleux  surveiller  les  avions.  Le  aSae  besoln  se  devel oppera  un  Jour 
sur  le  Paclflque  Nord.  Notons  que  les  Etats  responsables  de  1'Atlantique  Nord,  au  coalti  FANS  se  gardent 
blen  de  proaettre  quoi  que  ce  solt  aux  futurs  utlllsateurs  de  coaaunications  satellitalres. 

Le  besofn  AOC,  cr4e  un  deaa/ide  croissante.  L’Europe  s'fcqulpe  graduelleaent  du  systdme  d'echan- 
ges  de  donnSes  codees  en  VHF ,  ACARS  que  la  SITA  met  en  oeuvre  hors  des  Etats-Unis. 

Le  besoln  de  telephoner  des  passagers  exlste  certaineaent,  raais  pas  a  tout  prix.  II  exlste 
sGrement  un  public  prSt  a  payer  quelques  dollars  la  ainute  (dlsons  de  2  a  5  dollars),  11  est  aoins  sur 
qu'il  en  exlste  un  pour  payer  de  15  i  30  dollars  la  ainute,  ce  qui ,  d'  apres  certains,  seralt  le  coOt 
d'une  communication  par  satellite.  Les  coapagnles  aerlennes  recevront  une  part  du  chlffre  d'affalre 
PPC,  ce  qui  ne  constltuera  sGrement  pas  une  affaire  aervellleuse,  aals  le  fait  de  fournlr  ce  nouveau 
service  sera  un  argument  commercial  en  faveur  des  coapagnles  equiptes. 

Face  a  ce  marche  qui  semble  s'ouvrlr,  divers  prestatalres  de  service  se  presentent  :  ARINC, 
cooperative  amerlcalne  de  coapagnles  aerlennes,  qui  assure  des  services  de  coamiunlcatlons  aeronautlques 
fixes  et  mobiles,  est  en  train  de  s'organfser  et  a  cree  un  comite  pour  deflnir  un  materiel  embarque.  La 
SITA,  autre  cooperative  fournissant  des  services  analogues,  hors  des  Etats-unls,  a  ausslt&t  propose  un 
service  analogue  en  s'unissant  a  INMARSAT  et  a  1'Agence  Spatiale  Europeenne.  Les  services  des  postes  et 
telecommunications  de  divers  pays  se  mettent  en  mouvement.  British  Telecommunications,  met  blentbt  en 
service  experimental  le  telephone  public  sur  certains  avions  de  British  Airways  en  utillsant  les  satel¬ 
lites  d'  INMARSAT.  Aux  Etats-Unis,  divers  organlsmes  prives  de  communication,  Mobllesat,  Skyl Ink , 
Omninet  entre  autres,  se  manifestent. 

Tout  peut  avancer  si  vite  que  FANS  et  1'OACI  en  solent  redults  a  enterlner  les  cholx  techniques 
de  ces  divers  organlsmes.  Un  confllt  technique  peut  exlster  entre  les  cholx  des  prestatalres  de  service 
qui  se  basent  sur  les  slgnaux  faibles  des  satellites  d1 INMARSAT  (qui  ont  le  roerlte  d'exlster  et  1 'Incon¬ 
venient  d'etre  un  peu  depasses)  et  d'autre  part  ceux  qui  utlllsent  des  satellites  qui  n'exlstent  pas 
encore.  Notons  que  dans  la  vague  ou  1'on  se  trouve,  toutes  les  parties  Interessees,  compagnles  aerlennes 
et  admlnl strati ves,  souhalteralent  que  le  service  mis  en  place  soit  modulaire  et  permette  de  servlr  a 
la  fols  des  avions  equlpes  de  1'antenne  omnldirectlonnelle  la  plus  simple  (et  qui  se  contenteralt  de 
passer  quelques  donnees  codees),  et  les  avions  equlpes  de  reseaux  d'antennes  a  dephaseurs  polntant  en 
permanence  un  lobe  de  7  a  12  dB  de  gain  sur  le  satellite  et  capables  de  transmission  de  paroles  en 
duplex.  Pour  que  le  service  de  coanunication  par  satellite  solt  d'un  usage  souple,  11  est  Important, 
et  tout  le  monde  l'admet,  qu'il  conviendra  d'utlliser  pleinement  le  concept  051  (Open  Systems 
Interconnexion)  deflnl  par  1' ISO. 

Le  devel oppement  contlnu  de  la  technique  jouant  aussl  blen  pour  les  systemes  anclens  que  les 
nouveaux  11  est  possible  que  les  choses  evoluent  mal ,  comme  le  MLS  qui  coGtera  2  a  3  fols  le  prix  d'un 
ILS  equivalent.  II  est  possible  qu'au  contraire,  ces  techniques  devlennent  Indispensables ,  comme  1'est 
devenu  le  radar  secondalre. 

14  -  CONCLUSION 

L'avlatlon  civile  Internationale  par  son  organisation  traditlonnelle,  l'OACI  et  son  comite  FANS 
partlclpe  a  la  mlse  en  place  d'une  nouvelle  generation  de  moyens  de  communication  ,  de  navigation  et  de 
surveillance.  La  gestation  de  cette  nouvelle  generation  de  moyens  et  de  concepts  inedits  se  fait  a  la 
vltesse  la  plus  grande  que  permet  une  organisation  Internationale,  ce  qui  n’est  pas  trSs  raplde. 

Beaucoup  de  choses  pourralent  Stre  obtenues  dans  le  domalne  de  la  navigation  avec  les  systGmes 
tels  que  GPS  et  les  complements  a  GPS  ou  dans  le  domalne  des  communications  codees  entre  calculateurs 
de  bord  et  calculateurs  au  sol  par  satellite.  Les  divers  partis  en  presence  defendent  chacun  leurs  Inte- 
rSts  comme  11  est  naturel .  La  somme  des  egolsmes  particulars  etant  rarement  egale  a  1'lnterGt  general, 
11  n'est  pas  certain  que  les  $yst&mes  qui  verront  le  jour  seront  globalement  les  plus  Intelllgents  nl 
les  plus  economlques.  Le  comite  FANS  ou  tous  les  debats  sont  permls  entre  les  Etats  et  les  organisations 
pourralt  Stre  le  lieu  ou  des  conceptions  uni  flees  seralent  deflnles.  Et  j'espere  blen  que  ce  sera  le 
cas. 


Cependant,  certains  jouent  pour  que  les  cholx  se  fassent  allleurs. 
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SIMM  ARY :  This  paper  traces  the'"'3evelopment  of  a  worldwide  effort  to  establish 
aviation  requirements  for  CNS^fsystems  for  the  future,  with  special  emphasis  on 
satellite  technologies.  Beginning  with  the  air  traffic  services  modernization 
efforts  underway  in  several  countries,  the  paper  reports  on  the  evolution  of 
the  ICAO  Future  Air  Navigation  Systems  (FANS)  Committee,  the  U.S.  Radio  Tech¬ 
nical  Commission  for  Aeronaut ice— fRTCA)>ef fort  to  support  the  development  of  a 
U.S.  view  and  the  realities  which  must'be  faced  in  considering  the  definition 
of  new  systems  and  new  approaches.  The  paper  describes  the  activities  of  FANS 
to  date,  the  approach  being  taken  to  achieve  a  worldwide  minimum  satellite 
communications  system  standard,  and  efforts  to  achieve  agreement  on  automatic 
dependent  surveillance, 
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At  its  first  meeting,  the  International  Civil  Aviation  Organization  (ICAO)  Future  Air 
Navigation  Systems  (FANS)  Committee  agreed  that  one  of  its  objectives  is  "to  identify 
needs  and  subsequently  to  consider  the  satisfaction  of  those  needs  by:  i)  systemati¬ 
cally  identifying  world  aviation  needs  for  the  next  25  years;  ii)  considering 
potentially  applicable  technologies  which  nay  cost  effectively  satisfy  the  identified 
needs;  and  iii)  laying  the  groundwork  for  any  required  international  standardization 
by  appropriate  bodies  of  ICAO  and  other  organizations." 

The  order  is  not  an  accident,  but  a  recognition  of  how  easy  and  tempting  it  is  to  get 
fascinated  with  a  new  technology  mousetrap  and  then  find  an  application  for  it.  It 
should  be  the  other  way  around;  a  need  or  a  requirement  should  be  expressed  first, 
then  new  solutions  must  be  thoroughly  tested  against  other,  perhaps  less  costly, 
alternatives.  Even  more  important  is  agreement  on  what  a  requirement  really  is. 

Said  straight  out,  a  requirement  for  a  new  system  or  a  new  capability  is  a  need  we 
have  identified,  for  whose  solutions  we  are  willing  to  pay--no  more  and  no  less. 

This  point  is  all-important  because  our  industry  has  changed  in  the  last  few  years. 
Until  not  so  long  ago,  any  new  technologies  that  promised  benefit  were  eagerly 
embraced  by  the  industry  and  by  Government.  As  the  industry  has  matured,  it  has 
become  more  money-conscious  and  more  skeptical.  In  today*  s  market,  a  new  technology 
must  have  clear  and  obvious  benefit--and  soon--if  it  is  to  be  viewed  seriously, 
especially  if  the  investment  required  is  either  unknown  or  prospectively  high. 

What  is  the  atmosphere  in  which  the  U.S.  is  looking  at  new  technologies  and  FANS? 

The  National  Airspace  System  (NAS)  Plan  and  similar  modernizations  in  other  countries 
will  provide  major  improvements.  At  the  end  of  our  U.S.  modernization,  it  is 
reasonable  to  assume  that: 

o  The  air  traffic  control  process,  through  the  Advanced  Automation  System,  will  be 
far  more  flexible,  and  more  automatic,  than  it  is  today,  and  will  be  far  along 
to  permitting  automatic  creation  and  transmission  of  conflict-free  clearances. 

o  Information  available  on  weather  and  winds  will  be  improved  dramatically. 

o  Information  flow  will  be  enhanced  through  use  of  digital  data  link 
communications. 

o  Dynamic  knowledge  of  system  capacity  and  airport  capacity  will  have  become  good 
enough  to  permit  a  great  deal  more  strategic  planning  than  exists  in  the  system 
today,  and  the  system  will  be  more  capable  of  rapid,  dynamic  adaptation  as  the 
situation  changes. 

o  Cockpit  systems  will  simplify  and  optimize  the  interaction  of  pilots  with  auto¬ 
matic  systems  and  digital  communications  devices. 

Well,  then,  what  is  left  to  do?  As  seen  from  the  U.S.  perspective,  many  people  in 
the  Radio  Technical  Commission  for  Aeronautics  (RTCA)  Special  Committee  155  ISC-155), 
"User  Requirements  for  Future  Communications,  Navigation,  and  Surveillance  Systems, 
Including  Space  Technology  Applications,"  believe  that  among  the  challenges  remaining 
at  the  end  of  the  NAS  Plan  will  be: 


1.  lack  of  sufficient  airport  and  heliport  facilities  in  major  city  areas, 

2.  lack  of  surveillance  information  in  much  of  the  airspace  over  oceans  and 
unpopulated  areas. 


J. 


lack  of  instrument  approach  capability  to  many  paved  and  lighted  airports,  and, 
perhaps  most  Important, 


4. 


lack  of  low-altitude  communication,  navigation,  and  surveillance  (CNS)  coverage 
in  most  areas  of  the  world. 
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A  growing  view  is  that  the  Most  effective  way  to  reduce  or  eliainate  such  CMS 
deficiencies  is  through  the  use  of  satellites  as  one  important  ingredient  in 
inproving  infornation  flow.  It  nay  well  he  that  easy  and  convenient  infornation 
flow,  satellite  and  otherwise,  is  the  key  not  only  to  the  evolution  of  CMS,  but  also 
to  the  provision  of  inproved  ATC  and  weather  service. 

In  thinking  about  new  technologies  to  aviation,  world  realities  nust  be  faced 
squarely.  The  najor  nodernisation  prograns  are  concentrated  in  a  relatively  snail 
area  of  the  world.  Yet  new  capabilities,  which  night  be  nice  to  have  in  areas  where 
sophisticated  air  traffic  control  services  already  exist,  nay  be  essential  in  parts 
of  the  world  where  few  services  now  exist.  And  the  need  for  standardisation  denands 
that  at  least  subsets  of  the  saae  basic  systens  serve  all. 

The  second  neeting  of  the  ICAO  FANS  Coanittee  was  exceptionally  candid  in  discussing 
this  problen.  They  said: 

"The  fact  that  services  are  less  than  adequate  in  aany  parts  of  the  world 
results  not  only  froa  lack  of  financing,  but  in  aany  instances  also  froa  a  lack 
of  trained  technical  personnel  and  engineering,  aaintenance,  and  operations 
disciplines  in  those  parts  of  the  world." 

"There  appears  to  be  little  likelihood  that  the  present  air  navigation  situa>  .n 
will  iaprove  within  the  near  future  unless  new  approaches  are  adopted." 

FANS -2  said,  "it  seeas  inevitable  that  the  full  inpleaentation  of  the  present 
ICAO  Regional  Air  Navigation  Flans  is  unlikely  to  be  accoaplished,"  and  that 
FANS  "aust  now  extend  consideration  to  the  application  of  alternative  technolo¬ 
gies,  functional  concepts,  and  associated  institutional  arrangeaents." 

The  gauntlet  is  down.  The  needs  of  the  future  can  be  aet  by  the  introduction  of 
better  data  and  infornation  flow,  aore  autoaation  in  high-density  operations,  and 
iaproveaent  in  the  basic  CNS  services,  but  can  we  agree  to  aake  it  happen? 

RTCA  Special  Coaaittee  15S,  in  its  exaaination  of  needs,  concluded  in  its  interin 
report  that  there  is  a  need  in  the  future  for  C,N|S  services  to  be  available  any¬ 
where  in  the  world  froa  the  surface  to  70,000  feet  plus.  The  only  viable  way  that 
has  eaerged  to  date  to  deal  with  that  requireaent,  if  it  is  real,  is  by  the  use  of 
satellite  services. 

But  why  haven't  there  been  energetic  applications  of  satellite  services  for  aircraft 
before  now?  The  reason  is  that  it  has  up  to  now  been  too  expensive,  and  the  need 
has  not  been  sufficiently  pressing. 

It  is  not  that  anyone  seriously  doubts  the  technical  capability  of  satellite  services 
to  do  what  they  proalse.  That  has  been  proved  again  and  again. 

After  the  denise  of  AEROSAT,  FAA  becane  a  partner  in  an  international  coaaittee  to 
undertake  an  international  requireaents  study.  The  findings  of  that  body  (the 
Aviation  Review  Coaaittee,  under  the  chairaanship  of  Roy  Cox  froa  the  United  Klngdoa 
Civil  Aviation  Authority),  were  interesting.  Aaong  their  conclusions: 

o  The  greatest  savings  in  efficiency  iaproveaents  in  the  areas  studied  would  result 
froa  reduction  of  vertical  separation  above  Flight  Level  290. 

o  Lesser  savings  would  flow  froa  an  inproved  navigation  perforaance  standard 

coabined  with  inproved  data  link  coaaunicatlons  (either  HF  or  satellite  service), 
with  autoaatic  dependent  surveillance  capability. 

o  Inpleaentation  of  inproved  navigation  perforaance  standards  and  an  airborne 
separation  assurance  device  would  be  valuable. 

Their  findings  were  surprising  to  aany  because  they  did  not  tout  satellites  as  the 
end-all  and  be-all,  but  they  were  realistic--especially  one  which  said  that  in  order 
for  oceanic  air  traffic  control  satellite  services  to  be  viable  financially,  aviation 
would  need  to  share  satellites,  possibly  even  space-based  transponders,  with  other 
users  who  night  pay  a  large  share  of  the  satellite  capita’  costs. 

While  the  Aviation  Review  Coaaittee  could  not  produce  a  ringing  endorseaent  of 
satellite  services,  they  were  uneasy  with  their  finding.  It  appeared  to  then 
"unthinkable  that  civil  aviation  should  enter  the  next  century  without  satellite 
systeas  at  least  providing  cost-effective  aeronautical  aoblle  coaaunicatlons." 

FAA  believed  then  and  believes  now  that  satellites  will  have  a  future  role  to  play 
in  coaaunicatlons  and  probably  in  surveillance  and  navigation. 

An  FAA  study  shows  aviation  nay  require  all  of  the  spectrua  currently  allocated  to 
Aeronautical  Mobile  Satellite  (R)  services,  and  perhaps  aore.  This  work  was  subse¬ 
quently  supported  by  RTCA  SC-1SS,  and  tested  by  FANS  and  COM/OPS.  It  was  agreed 
that  the  satellite  spectrua  long  protected  for  civil  aviation  would  be  required  by 
civil  aviation. 
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U  order  to  jvitlff  it*  conclusion,  ICAO  FANS-2  postulated  prospective  sotollito 
applications  ••  nrt  of  th*  fataro  systoa.  It  414  *o  tentatively  «a4  nervously, 
lilt,  as  yew  km  heard,  a  first-blush  tentative  systoa  concept  was  bsaat ro4  out  at 
FANS -2 .  Its  basic  oloaoats  arc  as  follows: 

o  Satollito  aavigatioa  will  pro**  to  b*  a  highly  reliable,  high- integrity ,  sad 
high  -accuracy  systoa.  Thro*-4ia*asioaal  iaforaatloa  will  ho  avallahlo,  aloag 
with  a  *taa4ar4  systoa  t la*  sortie*. 

o  Tho  accuracy  aa4  iategrity  of  th*  systoa  is  likely  to  ho  such  that  it  caa  s*rv* 
all  aavigatioa  fuactioas  with  nearly  instantaneous  failure  waraiags  ia  oceanic, 

•a  rout*,  a ad  teraiaal  oporatioas.  MLS  will  b*  us*4  for  precision  approach  sad 
la ad tag  oporatioas;  it  is,  howovor,  possible  that  th*  satollit*  systoa  aay 
•voataally  b*  abl*  to  provid*  iaforaatloa  adequate  to  support  Category  I-typ* 
approach**.  Sorvicos  will  ho  provldod  a ad  soparatioa  staadards  will  b* 
iaploaoatod  based  oa  aavigatioa  porforaaaco  requiroaeats  suited  to  th* 
appl icatioas .  Other  suitable  aavigatioa  systoa*  aay  bo  available  aad  used. 

o  Saroaotric  altiaetry  will  reaaia  aa  iaportaat  eloaoat  ia  th*  syst*a,  but  th* 
g*oc*atric  altitude  availabl*  froa  th*  satellite  aavigatioa  systoa  could  **rv* 
as  a  crosschock  oa  vertical  positioa. 

o  A  satellite  aavigetioa  systoa  will  be  of  sufficieat  iategrity  to  serve  os  a 
source  for  autoaatic  depeadoat  surveillaace,  ia  which  aavigatioa  positioa 
iaforaatloa  is  traasaitted  to  th*  grouad  eithor  directly  or  via  satollit*  relay, 
to  sorv*  as  a  surveillaace  systoa  for  all  airspaco,  with  appropriate  built-ia 
reduadaacy  aad  failure  protectioa. 

o  The  coaaittee  coasidered,  however,  that  autoaatic  depeadeat  surveillaace  aay  not 
be  fully  satisfactory  for  all  circuastaaces.  Therefore,  ia  addition  a 
cooperative  independent  surveillance  service,  based  oa  satellites,  is  likely  to 
be  needed.  There  are  several  ways  to  achieve  this  capability.  Ia  soae 
cooperative  independent  surveillance  concepts  th*  navigation  satellite 
geocentric  altitude  will  serve  as  an  integrity  crosscheck  on  the  aircraft 
baroaetric  altiaetry  systea. 

o  A  satellite  coaaunicat ions  relay  will  be  used  eitensively  to  provid*  autoaatic 
dependent  surveillance  position  inforaation,  along  with  additional  inforaation, 
as  required  and  available,  such  as  aircraft  identification,  state  aad 
intentions,  aeteorological  inforaation,  etc.,  and  inforaation  concerning  ATC 
services.  The  coaaunicat ions  services  (voice  and  data)  between  aircraft  aad  the 
grouad  systea  will  utilise  satellite  relay  in  over-ocean  and  reaot*  land  areas, 
at  altitudes  below  1  in* -of -s ight  in  both  low-density  and  high-density  airspace, 
and  for  othar  purposes. 

o  In  sooo  airspace,  such  as  terainal  areas,  the  bulk  of  coaaunicat ions  nay  be  such 
that  a  direct  ground-to-ai rcraf t  and  aircraft-to-ground  coaaunicat ions  systea 
aay  be  preferable  to  a  satellite-based  coaanmicat ions  systea.  In  order  to 
perait  use  of  coaaoa  avionics,  spoctrua  in  th*  1  S45-1  SS9  MHt  and 
1  646.5-1  660MHz  bands  is  needed  for  such  a  terrestrial-based  coaaunicat ions 
systea. 

o  Aircraft  operators  will  continue  to  require  spec t run  for  operational  control 
coaaunicat ions. 

It  is  th*  job  of  FANS  now  to  flesh  out  this  concept,  to  change  it,  to  test  it,  and 
to  see  what  can  be  done  to  practically  evolve  towards  it.  It  is  a  job  not  in  the 
first  instance  for  ICAO,  but  for  th*  States  aad  organisations  involved  in  it,  and 
for  th*  aviation  coaauaities  in  our  countries.  In  th*  U.S.,  that  aoans  the  aajor 
groupings  of  aviation  interests,  as  well  as  organisations  like  RTCA  and  other*. 

I  want  to  say  a  few  words  about  th*  Global  Positioning  Systoa  (GFS).  Satellite 
navigation  is  a  significant  part  of  th*  tentative  concept  developed  by  FANS-2.  bork 
on  satellite  navigation  has  boon  underway  a  long  tin*  in  several  places.  In  a  way, 
GFS  is  a  special  case  because,  unlike  other  satellite  services  which  are  still  vying 
for  sponsorship,  GFS  Is  happening.  It  represents  a  aajor  investaent  by  th*  U.S., 
availabl*  to  th*  world,  to  achieve  a  draaattcally  lap roved  global  navigation 
capability. 

In  th*  FAA  assessaeat  to  which  I  referred,  w*  asserted  that  because  of  th*  aajor 
bonofits  It  offers,  satollit*  navigation  will  eventually  replace  aost  ground-based 
navigation  systoas  for  on  rout*  oporatioas  aad  for  noaprecisloa  approaches.  Me 
assuaod  that  th*  full  accuracy  capability  of  GFS  will  becoa*  availabl*  to  civil 
users,  and  that  th*  reaatnlng  issuos  of  coverage,  reliability,  aad  iategrity  will  be 
resolved--by  one  of  several  available  aeaas. 

A  part  of  FAA' s  prograa  Is  to  support  the  utilisation  of  GFS  in  the  National  Airspace 
Systea.  Me  hep*  to  investigate  CMS  systea  technology  alternatives  aad  eaergiag 
technologies  with  civil  aviation  potential  and,  iaportantly,  to  study  the  integra¬ 
tion  of  satellite  technologies  with  ground-based  services. 


ICAO  aad  ITCA  both  are  looking  at  the  (or  itrvitu  aad  the  technology  possi¬ 

bilities  out  to  2S  years  or  mere  froa  new.  Dwt  why  betberY  Ua' t  it  singly  a  blue 
sky  exercise,  akta  laiaaoc  fairo  will  got  ua  there  aa  wollT  Mo  have  aot  been  good 
at  predicting  tko  future,  particularly  inventions  aot  yot  iaveatod.  Mo  aro  aot  good 
at  predicting  our  kuaiaoaa  for  10  yoara  ahead,  auck  loaa  2S  or  10. 

So  wky  aot  lot  a  low  people  witk  tkoir  heads  ia  tko  clouds  (ao  pwa  intended)  tkiak 
akout  tko  future,  aad  got  oa  witk  our  aear-tera  kuaiaoaa,  oapecially  ia  aa  iaduatry 
wkick  iaa' t  aura  wkere  next  year' a  dollar  ia  coaiag  froa?  Lot  ao  suggest  aoao 
roaaeaa  wky  tko  work  ia  iaportaat,  kogiaaiag  witk  wkat  I  coaaidor  to  be  iaportaat 
trutks: 

1.  Tockaologioa  aro  aarckiag  forward  rapidly,  aot  oaly  ia  tko  coapwter  aad  data 
processing  world,  kut  alao  ia  satellite  aad  torroatrial  coaaaalcatioaa  tech¬ 
nology.  There  ia  trutk  to  tko  fear  oaproaaod  at  (AMS  tkat  if  wo  do  aot  ao*o 
rapidly  to  dotoraiao  our  aooda,  tko  aow  teckaology  will  paaa  ua  ky  aad  wo  will 
taka  tko  leaviaga  froa  wkat  tko  iaduatry  waata  to  offer. 

2.  Satellite  ayatoa  iapleaeatatioa  ia  aoeiag  ao  rapidly  ia  a  awake r  of  couatriea 
tkat  if  aviatioa  caaaot  atate  its  requirements  aad  develop  tockalcal  ataadardi, 
wo  will  ko  coadoaaod  to  a  variety  of  coaplat,  uaworkakle,  aoaataadard  systems. 

J.  lategratod  CMS  ayatoaa,  talked  akout  for  IS  yoara  or  aoro,  will  ko  difficult  to 
ackiove,  for  a  variety  of  roaaoaa:  (1)  tko  prokloaa  perceived  ia  tko  tkree 
aroaa  (C.H.gSl  kavo  aevar  ee eked  ia  tiao,  (2)  we  kave  aaldoa  kad  tko  courage  to 
ckaage  wore  tkaa  oae  teckaology  at  a  tiao,  aad  (1)  tko  koaofita  of  iategrated 
ayateaa  have  aever  beea  clear  to  the  aviatioa  coaauaity. 

4.  The  traaaitioa  to  aow  tockaologioa  will  aot  kappea,  eitkor  singly  or  ia  aa  late- 
grated  way  ualeaa  tke  beaefit  la  clear.  Oae  auck  koaoflt  wkick  auat  he  offered 
ia  tke  poaaikllity  of  aiaplif icatioa  of  tko  avioaica  auite,  particularly  in 
general  and  kuatneaa  aviation.  Tke  aow  technology  offera  a  chance  of  getting 
there. 

5.  New  technologies  have  traditionally  taken  froa  12  to  It  yoara,  aad  aoaetiaea 
longer,  to  wove  froa  conception  to  lapleaentat ion ,  in  apite  of  aoaetiaea 
Herculean  efforta  to  apood  up  tke  proceaa. 

ft.  legardleaa  of  their  aoataeaa  or  tkoir  technical  aopkiat icatioa,  lapleaentat ion 
to  new  tockaologioa  aiaply  will  not  happen  ualeaa  tke  traaaitioa  and  lapleaenta- 
tioa  path  ia  clear. 

7.  The  level  of  lapleaentat ion  of  ayateaa  around  the  world  ia  aad  will  reaain  widel 
divergent.  Tke  aooda  of  15-20  percent  of  tke  world' a  geograpkic  area  are  wildly 
different  froa  thoae  of  the  other  10-gS  percent.  The  true  teat  of  new  CMS  tech¬ 
nology  ia  tkat  it  auat  ke  iapleaentakie  ia  a  tiao-  aad  capakl 1 i ty-phaaed  faahion 
aad  ia  a  way  in  wkick  Country  A  can  wove  forward  without  Country  •  aoviag  at  the 
aaae  tiao.  The  concept  we  need  ia  one  which  can  ke  eakraced  at  different  levels 
ky  koth  the  highly  developed  and  leae-developed  Statea,  with  a  clear  indication 
that  beaefit  will  accrue - 

There  are  a  hundred  reaaona  why  FANS  nay  aot  nakc  progreaa,  and  even  wore  reasons 
why  even  tke  beat -designed  ayatea  concept  any  fail  for  political,  institutional .  or 
econoaic  reasons,  or  because  Statea  will  aot  choose  to  agree.  Yet  tke  opportunity 
eiista  to  aake  progress  in  the  near  tern  aad  gain  a  far  better  systea  in  the  long 
tera. 

There  are  some  things  we  need  to  do  aow,  certain  practical  actions  to  put  ourselves 
into  position  to  utilise  the  new  capabilities  when  the  need  is  clear.  There  are 
soae  barn  doors  we  need  to  close  before  tke  horses  run  away.  Soae  of  thea  are  the 
aear-tera  activities:  reduction  of  vertical  separation  standards  above  Flight 
Level  290;  harmonisation  of  traffic  iaforaatloa  to  controllers  on  aircraft  position 
aad  intent;  aoveaeat  toward  beneficial  use  of  airborne  collision  avoidance  systeas; 
the  introduction  of  the  SSt  Mode  S  data  link;  aad  iaproveaents  ia  eaergency  aircraft 
location. 

•ut,  I  waat  to  eapkasise  iaproveaents  ia  data  aad  voice  coaaunicattons  capability 
aad  autoaatic  dependent  surveillance..  Data  link  applications  are  being  developed 
at  VHP,  at  HF,  aad  for  satellites.  Tke  Mode  S  data  l,iak  is  coaiag  closer  to  appli¬ 
cation  ia  air  traffic  control  aad  data  link  use  is  growing  rapidly  ia  the  airlines. 
Satellite  data  aad  voice  commuaicst ioa  schemes  abound.  Mark  is  underway  in  a  number 
of  countries  aad  by  a  whole  host  of  proposers  ia  the  United  States. 

Unless  there  is  rapid  movement  by  tke  aviatioa  industry  to  establish  requirements 
aad  communications  standards  to  tke  degree  they  are  needed,  we  face  tke  possibility 
of  a  variety  of  satellite  communication  schemes  becoming  available  for  sale  to 
aviatioa  users--witk  ao  real  standardisation.  It  is  essential  r ink t  now  to  estab¬ 
lish  the  necessary  communication  systems  standardisation,  to  sec  sins late  airline 
operational  needs  aad  automatic  dependent  surveillance,  but,  of  course,  to  go 
furtker--to  build  a  foundation  for  the  functions  beyond  which  will  seed  to  be 
accommodated.  Doth  satellite  aad  aoasatellite  net hods  of  communications  by  data  and 
voice  will  need  to  ke  considered. 
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Since  AOS,  first  over  oceans  aad  probably  later  la  doaittlc  area*,  represents  aear- 
tera  ATC  systea  payoff  fraa  new  technology,  m  m«4  to  reach  agrooaoat  ea  i^rstckti 
•nd  technical  staadards  for  it.  Whether  we  choose  to  iaaleaeat  soeaer  or  later, 
such  preliaiaary  agreeaeats  caa  help  define  systeas  which  are  valuable  both  a» 
safety  iaproveaeats  a ad  aoaey  ankers. 

Me  aeed  to  develop  aa  airborae  ayatea  architecture  to  achieve  the  aeat  effective  aad 
safest  coaaualcatloas  protocols  aad  autoaatlc  dopoadoat  survoillaace  messages  la 
aircraft.  Me  aust  aove  toward  less  depeadeace  oa  particular  traasalssloa  aodla  to 
perfora  the  fuactioas  we  aeed. 

Me  aeed  to  correlate  iaproveaeats  la  coaaualcatloas,  aavlgatloa,  aad  survoillaace 
with  iaproveaeats  la  ATC  services  (i.e-,  separatioa  staadards,  tactical  operatioas, 
etc.),  to  establish  clearly  the  beaefit  of  lapleaeatiag  aew  CMS  techaolegiee. 

The  FANS  Morhiag  Group  of  the  Mhole  aet  la  Noatroal  oa  Noveaber  4-g,  ISIS,  aad  aade 
soae  laportaat  progress.  Evea  though  it  was  oaly  a  Morkiag  Group  aad  not  a  foraal 
FANS  aeotlag,  it  was  atteaded  by  Boat  of  the  active  aoabers  of  FANS  eacapt  that, 
uafortuaately ,  the  aoabers  froa  the  U.S.S.I.,  Taataaia,  aad  Iraq  were  uaable  to  be 
preseat . 

Several  views  were  pervasive  throughout  that  aeat lag: 

o  Civil  aviatioa  aust  take  early  aad  persuasive  actioa  to  stake  its  claia  to 
satellite  spectrua  aad  to  show  clearly  that  it  inteads  to  use  it. 

o  The  first  practical  application  of  ATC  satellite  services  is  likely  to  be 

over-ocean  autoaatlc  dependent  surveillance  aad  related  direct  pilot-controller 
data  link  coaauaicatioas,  aad  actioa  is  needed  to  bring  autoaatlc  dependent 
surveillance  into  beiag  because  of  increasing  traffic  and  a  continuing 
significaat  nuaber  of  large  deviations  froa  track  in  oceanic  operations. 

o  Since  autoaatic  dependent  surveillance  aust  have  a  coaaonly  agreed-to  signal 
foraat  compatible  with  terrestrial  aad  aircraft  systeas  in  order  to  have  a 
chance  worldwide,  it  is  likely  to  be  the  service  which  lays  the  basis  for 
international  satellite  signal  staadards,  protocols,  and  foraats. 

The  Working  Group  considered  all  of  its  work  prograa,  but  I  want  to  report  on  only  a 
couple  of  itoas.  la  the  discussion  of  autoaatlc  dependant  surveillance,  the  Working 
Group  took  several  iaportant  steps.  A  definition  for  autoaatic  dependent  surveil¬ 
lance  was  agreed  upon,  as  well  as  certain  fuadaaeatal  views: 

1.  There  is  operational  benefit  and  anticipated  cost/benefit  in  the  application  of 
an  effective  high-iategri ty  autoaatic  dependent  surveillance  service. 

1.  Effective  application  of  autoaatic  dependent  surveillance  requires  coapleaentary 
direct  two-way  pi  lot-controller  coaauaicatioas. 

1.  The  technical  capability  of  satellite  coaaual cat  ions  to  support  autoaatic 
dopoadoat  surveillance  aad  other  ATC  related  aeronautical  air/ground 
coaauaicatioas  mists  and  has  been  deaonstrated  in  several  test  prograas. 

4.  Advantage  should  be  taken  of  the  present  navigation  systeas  to  iaplenent 
autoaatic  dependent  surveillance. 

5.  The  aeed  will  eiist  for  verious  position  reporting  intervals. 

la  addition,  the  Morkiag  Group  agreed  oa  a  series  of  tasks  which  need  to  be  perforaed 
to  achieve  operational  autoaatic  dependent  surveillance  service. 

Ferhaps  the  aost  iaportant  effort  started  was  the  task  of  alniaua  air/ground 
coaaualcatloas  srstea  standardisation.  Starting  with  the  proaise  that  autoaatic 
dopeadeaf  survoillaace  will  lead  the  way  toward  the  coaauaicatioas  standardisation, 
but  that  functions  boyoad  autoaatic  dopoadoat  surveillance  aust  be  catered  for  in 
the  standard,  the  group  agreed  that  this  itea  represents  1  high  priority. 

The  task  is  to  assure: 

1.  lateroperabi li ty  sufficient  to  porait  aircraft  to  use  various  satellite  systeas 
which  aight  bo  available  la  various  regions. 

1.  lateroperabi lity  with  related  terrestriel  aeronautical  systeas. 

1.  Achievement  of  the  siaplost  coaaon  standard  avionics. 

it  was  agreed  that  work  aoodod  to  be  done  by  working  parties  prior  to  FANS- 1  "to 
consider  the  technical  aspects  of  coaauaicatioas  standard! tat  ion  and  to  avail  the 
group  of  eapert  advice  on  satellite  aad  other  techniques  which  iapact  oa  the  need 
for  standardisation  and  delineation  of  systea  architecture.” 


As  k*MllM  arterial  for  tlit  Beating',  (Im  tutittri  f«t«r»  CMS  cMct^t  aad  tk* 

digital  data  flow  aad  ipactna  aaad*  agroad  fey  PAM S-2  woro  wood,  at  wall  aa  th* 
autooat ic  dependent  surveillance  concept  developed  la  tko  Marking  Croup  ooatiag. 

Tka  Morkiag  Croup  of  tko  Mkola  diacusaod  a  aorta*  of  CMS  systea  atudiaa  aad  expert- 
oaatal  prograaa,  witk  coatrikutioa*  froa  Bag  load,  tka  Buropoaa  Spaca  Agency,  Japaa, 
aad  tko  Ualtod  Stato*.  Tka  group  recegnited  tko  iaportaaco  of  coordiaatiag  aatalltta 
aipariaoat*  aad  doaoaatratioa*  to  aaaura  caaaoa  purpose  aad  to  avoid  futuro 
difforoacoa  of  viow  wfcick  could  com  to  plaguo  PAMS. 

Tka  Morkiag  Group  agroad  oa  dafialtioaa  aad  a  tarkaa  of  traffic  acaaario*  agaiaat 
wkick  futuro  systea  coacapta  algkt  ka  avaluatod.  Sii  acaaario*  war a  aoloctad  for 
consideration--*  coaplex  aa  routa  airspaca  structura,  a  roaata  coatiaoatal  airapaca, 
aa  ocaaaic  airapaca  atructura,  a  klgk-doaslty  aad  a  low-density  toraiaal  araa,  aad 
apodal  acaaario*.  auck  a*  tka  Gulf  of  Maaico.  polar  ragioa*.  aad  otkar*.  Tka  FANS 
Hooka r  froa  tka  Padaral  kopuklic  of  Geraaay  ckaira  tkia  affort. 

Tka  firat  of  two  aukworkiag  group  aoatiaga  waa  kald  Marck  17-21.  lSSk.  to  aova  FANS 
work  forward,  priaarily  oa  aatalltta  coaauaicatioaa  ayatoaa  ataadardiaat ioa  (PAMS 
Mork  Prograa  Itaa  k)  aad  Autoaatic  Dopoadoat  Surveillance  (Itaa  a). 

Tka  group  agroad  that  rapid  prograa*  would  aaad  to  ka  aada  oa  koth  coaauaicatioaa 
ayataa  standardisation  and  Autoaatic  Dapaadaat  Survaillaaca.  Coafiraiag  conclusions 
of  tka  Novoakar  19iS  aootlag,  tka  group*  workiag  oa  tkaaa  taak*  agaia  agroad  that 
avaata  war*  aoviag  *o  rapidly  ia  tka  aatallit*  world  that  aarly  daclaioa*  aad 
racoaMadatioa*  oa  aviation's  aaad*  ara  loaded  if  aviatioa  i*  to  kav*  aa  iapact  on 
aatallit*  davelopaaat*. 

Further,  aaay  atataa  aad  iataraatioaal  orgaaitatioa*  foal  that  Autoaatic  Dapaadaat 
Survaillaaca  i*  of  potaatially  graat  valua  for  kotk  safety  aad  efficiency,  aad  that 
decisions  witk  raapact  to  it  need  to  k*  aad*  at  tka  earliest  poaaibl*  tine. 

Two  other  considerations  war*  noted  by  tka  group- -the  stated  intention  of  at  least 
one  aajor  intaraatloaal  carrier  to  iaplaaaat  operational  control  couuunlcat ions  via 
satallit*  data  link  in  the  vary  near  tarn,  and  general  recognition  that  such  aarly 
iapleaentation,  while  entirely  walcoua,  would  kav*  a  aajor  iapact  on  international 
standardisation.  As  noted  by  the  U.K.  Meabar: 

"Thar*  are  no  natural  stages  at  which  everyone  re-equips  so  successive  genera¬ 
tions  of  aquipaent  oust  co-exist  with  each  other.  It  ia,  therefor*,  essential 
that  the  initial  systeas  and  the  standards  on  which  they  ara  based,  aust  have 
the  capability  to  grow  to  aaat  the  ultiaate  requi reaants ■ " 

The  view  expressed  by  the  U.S.  Meabar  was  that  a  systea  concept  can  b*  developed 
which  aeets  all  foreseen  requireaents  without  disadvantaging  any  one  user  eleaent, 
and  that  th*  need  for  ICAO  now  is  to  develop  a  systea  concept  which  can  avolv*  froa 
relatively  staple  applications  to  th*  aore  coaplex  applications;  a  concept  in  which 
all  elaaants  of  aviation  can  eventually  participate--! roa  general  aviation  to  air 
carrier  and  allitary,  in  areas  froa  the  lowest  density  roaot*  areas  to  oceanic  use, 
to  high  density  doaastic  an  rout*  and  terainal  airspaca.  It  is  in  the  interest  of 
international  aviation  to  aova  as  rapidly  as  possible  toward  achiavaaant  of  this 
kind  of  concept.  This  naans  that  the  initiatives  by  air  carriers  to  aove  out  should 
be  applauded  aad  supported,  but  that  ovary  affort  should  be  aad*  to  provide  such 
services  in  the  context  of  a  broad  and  universal  systea  concept.  This  view  was 
widely  shared  by  working  group. 

During  its  week  of  work,  th*  participants  were  able  to  Bake  iaportant  progress  in 
two  areas: 

o  Niaiaua  Coaaun teat  ions  Systea  Standardisation. 

1.  It  was  agroad  that  th*  ISO  Open  Systeas  Interconnection  node  1  systea  be  used 
for  the  design  of  future  digital  coaaunlcatlon  systeas  to  be  standardised 

by  the  international  civil  aviatioa  coaauaity. 

2.  It  is  essential  that  an  early  initial  satellite  coaaunicat ions  systea 
fraaework  that  will  accoaaodat*  all  user  classes  and  all  anticipated  user 
services  be  developed.  This  fraaework  should  provide  for  international  ADS 
service,  potentially  as  th*  first  ATS  application  of  satellites,  but  it  was 
recognised  that  son*  international  airlines  plan  to  us*  satellite  data 
coaaunication  for  operational  control  purposes  in  the  near  tern. 

1.  Th*  international  systea  aust  provide  for  data  and  voice  coaaunication*. 

4.  This  systea  is  to  operate  in  th*  L-Baad  Aeronautical  Mobil*  B  satellite 
spectrua  regnant*  ( 1S44-1SS9  MHs  and  194S.S  and  1990. *MHs).  The  bands 
will  be  used  for  ground-to-alrcraf t  aad  aircraf t- to-ground,  respectively 
(for  satellite-based  aad  terrestrial  coaaunication  systeas,  as  envisaged  in 
th*  tentative  PAMS- 2  Future  Systea  Concept). 
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There  Nit  k*  iilMici  iiun^rikllltf  IMU  candidate  iiulllti  lyittai 
end  related  terrestrial  systeas  ea  a  global  basis. 

b.  The  potential  future  capability  of  providing  cooperative  independent 

swrveitlaaco  whea  aad  where  sue k  fuactteael  capability  ts  aeaded  should  be 
a  part  ef  the  systea  structure  (that  is,  a  fuactional  capability  like  that 
eavisieMd  for  IMS  should  be  available  withia  the  systae  coacept  as  part 
of  the  integrated  systae). 

T.  The  systea  eavisioas  the  use  of  digital  aodulatioa  for  traasaissioa  of 
voice  ceaawaicat leas .  Nhere  both  capabilities  eiist,  voico  aad  data 
co—uaicat ioas  aust  be  available  siaultaaeously ,  aad  full  duplex  capability 
for  voice  aad  data  aust  be  a  part  of  the  systea. 

The  Morkieg  Croup  agreed  oa  a  aeries  of  objectives  which  aust  be  aet  by  the  systea 
dastga  aad,  after  esaaieattoa  of  a  variety  of  systea  eleaeats,  agreed  os  a  series  of 
tea  which  require  tateraat ioaal  systea  staadarditation. 

o  Autoaatic  Dependent  Surveillance  (ADS). 

The  Morkiag  Group  rettereted  aad  streagtheaed  a  auaber  of  basic  agreeaeats 

reached  at  the  Noveaber  IMS  aeetiag.  Aaoag  thee: 

I.  There  is  operatioaal  beaefit  aad  aaticpated  cost/benefit  in  the  application 
of  aa  effective  high  integrity  MIS ,  including  ancillary  direct  pilot/ 
controller  coaaunicat tons . 

i.  The  technical  capability  of  satellite  c oaaunicat ions  to  support  MIS  and 
other  ATC  related  aeronautical  air-ground  coaaunicat tons  exists  and  has 
been  deaonst rated . 

5.  ADS  can  be  successfully  and  usefully  iapleaented  with  existing  navigation 
systeas,  although  future  availability  of  navigation  capability  providing 
better  perforaance  will  be  helpful. 

4.  ADS  service  aust  be  designed  to  a  global  standard  and  aust  serve  all  classes 
of  aviation  users  in  a  variety  of  envi ronaents . 

5.  The  Morking  Group  refined  its  definition  of  Autoaatic  Dependent 
Survei 1  lance . 

6.  The  group  recognised  the  operational  potential  to  support  systea  efficiency 
iaproveaents  through  an  increased  level  of  tactical  control  and  to  support 
reductions  of  separetion  ainiaa.  The  group,  again,  agreed  on  significant 
separation  reduction  as  an  objective  to  be  supported  by  Autoaetic  Dependent 
Surve i 1  lane- . 

1.  It  agreed  on  a  series  of  application  and  functional  objectives  for  Autoaatic 
Dependent  Surveillance.  It  agreed  on  a  series  of  systea  characteristics  of 
Autoaatic  Dependent  Surveillance  and  identified  further  work  < o  be  done. 

I.  The  group  agreed  on  a  table  of  ainiaua  and  extended  Autoaatic  Dependent 
Surveillance  systea  aessage  eleaents,  their  content,  and  the  range  of 
coaaunicat ions  services  required  to  accoaplish  then. 

9.  The  group  identified  a  series  of  criteria  for  reliability,  redundancy  and 
continuity,  service,  and  identified  further  effort  to  establish  the 
necessary  figures. 

The  work  will  continue  in  a  June  1Mb  neetmg  in  Paris,  preparatory  to  FANS-)  in 
Noveaber . 

I  said  earlier  that  ICAO  FANS,  at  its  first  aeeting,  agreed  on  the  need  for  world 
aviation  to  aove  rapidly  to  establish  its  requireaents  aad  to  lay  the  basis  of 
systea  standardisation  for  aviation.  If  the  energies  of'the  satellite  industry  are 
to  be  harnessed  oa  our  behalf,  if  aircraft  avionics  suites  are  to  be  kept  staple  and 
efficient,  if  basic  worldwide  systea  iaproveaents  are  to  be  achieved,  and  if  future 
international  controversy  over  systeas  is  to  be  avoided,  the  opportunity  is  now. 
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SUMART 


Tha  Air  Traffic  Services  System  for  2000  and  beyond  shall  have  to  dope  with  the  constantly  increasing 
traffic  demand  and  cause  the  minimm  constraint  vis-b-vis  the  goats  of  operating  the  aircraft . 

It  shall  take  wholly  into  account  the  methods  by  tihioh  the  aircraft  are  conducted,  and,  in  particular  the 
ability  to  adhere  accurately  to  a  predefined  profile . 


Since  ItIO  a  working  party  of  the  KUROCOWTMOL  Agency  iuft  in  charge  of  the  development  of  a  future  system 
concept  and  the  formulation  of  a  corresponding  research  programs*.  %  i  '  p  ' 


The  present  communication  revie aw  the  objectives,  the  difficulties,  the  main  principles  and  the  charac¬ 
teristics  associated  to  the  development  and  implementation  of  the  future  ATS  concept . 


It  points  at  the  necessity  for  aloes  consultation  between  aircraft  manufacturers,  avionics  manufacturers, 
aircraft  operators  and  the  authorities  responsible  for  Air  Traffic  Management . 


i.  irrmopucnom 


Tha  rola  of  Air  Traffic  Control  lo  to  anaura  tha  smooth,  safa  and  economics lly-optlaua  flow  of  air  traf¬ 
fic.  During  tha  laat  20  or  JO  70am  tha  facllltlaa  naadad  for  air  traffic  control  ha TO  gradually  avolvad 
Into  a  couple*  ayataa  uhooo  naln  coapooente  ara  secondary  aurralllanca  radar,  radar  communications,  navi¬ 
gation  ayotaao  and  data  procasalng.  in  fact,  tha  air  traffic  control  system  haa  boon  abla  to  adapt  ltoalf 
to  tha  advaacaa  that  hava  takan  placa  In  aircraft  design  without  any  algnlflcant  dlalogua  having  dovalopad 
hatwaan  aircraft  daalgnara  and  ATC  planners. 

Today,  with  tha  aacaptloo  of  tha  Moda  C  altltuda  raad-out  on  tha  aacoodary  radar,  tha  ATC  ground  ayataa 
oatahllahaa  both  tha  foracaat  and  tha  lnataatanaoua  situation  In  alrapaca  froa  data  which  la  coaplataly 
aaparata  froa  that  us ad  for  tha  conduct  of  flights. 

Tha  utilisation  of  flight  plan  data  procasalng  and  radar  data  procasalng  as  wall  as  tha  autoaatad 
assistance  In  tha  foracastlng  and  aaaagaaant  of  traffic  flows  la,  with  various  dogroas  of  refinement, 
fairly  wlda-spraad .  Also,  an  lncraaalng  niabar  of  aircraft  are  being  fitted  with  flight  management 
systems  (FMS).  davarthalaas ,  tha  aoat  advanced  ground  ayataaa  ara  still  working  on  the  basis  of  a  descrip¬ 
tion  of  aircraft  perf onsanca  which  corresponds  only  loosely  with  reality.  This  directly  affecta  sons  of 
tha  basic  features  of  air  traffic  control,  such  ss  tha  determining  of  standard  separation  alnlma  and  tha 
procedures  employed  to  aalntaln  such  alnlaa  both  an  route  and  In  terminal  areas. 

Air  carriers  aaart  on  tha  ATC  authorities  a  legltlaate  pressure  to  obtain  an  air  traffic  control  service 
which  la  suited  to  tha  traffic  demand  (constantly  lncraaalng)  and  causes  tha  minimum  constraint  vla-A-vls 
tha  profitability  of  the  Investments  In  aircraft. 

In  this  connection.  It  la  clear  that  tha  only  way  to  satisfy  air  carriers  will  be  through  tha  Implemen¬ 
tation  of  concepts  which  taka  wholly  Into  account  tha  methods  by  which  flights  ara  conducted  and.  In  par¬ 
ticular,  tha  possibility  for  tha  aircraft  to  follow  accurately  a  specific  profile  in  tha  four  dimensions . 


2.  All 

To  ha  convinced  of  tha  gulf  hatwaan  tha  currant  ayataa  and  the  one  tha  users  wish  to  sea.  It  la  necessary 
only  to  look  at  the  dlffarant  phases  of  preparing  for  and  performing  a  flight  as  they  ought  to  be . 


(*>  Translated  from  Trench 
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2-i.  flight  giM 

Whan  preparing  hi*  flight  flu,  th*  pilot-ln-coamand  should  b*  *bl*  to  cboo**  without  any  rastriction  th* 
rout*,  tha  flight  profile  aad  th*  praeiaa  tiaa  of  dapartur*.  MET  data  and  Aaronautical  Inforaatlon  should 
ha  awailahla  to  hla  by  automatic  aaana .  la  should  also  b*  abla  to  obtain  bafor*  dapartur*  a  claaranc*  for 
tha  whola  of 'tha  routa  aad  profila  to  ha  flown. 

2.2.  Taha-off  and  climb 


■agio*  start-up,  t any log,  lloa-up  and  taka-off  should  follow  on*  anothar  without  any  braak.  Unrastrlctad 
cl lab  to  tha  optlaua  crulaa  level  should  b*  th*  gaasral  rul*. 

2.3.  In  rout*  phaaa 

This  should  taka  placa  as  planaad,  with  no  changa  to  tha  flight  lavals  and  handings,  and  kaaplng  th*  ATC- 
ralatad  task*  of  tbs  pilot,  such  as  changing  frequency,  tTP  cowaunlcatlons,  oparatlon  of  kay-pad(s),  to  a 
alniaua. 


2.4.  Pa scant  aad  tanl 


Tha  daacaat  should  follow  tha  optlaua  profila  until  tha  aoaant  of  touch-down  and  th*  dlstanca  to  tha  raap 
parking  position  should  b*  as  short  as  poaalbla. 

As  can  b*  saan,  th*  dlffaraoc*  batwaan  tha  abov*  aad  tha  way  flights  ara  currently  conductad  la  larg*. 


3.  TUB  DIFFICULTIES 


3.1.  in  at t sap ting  to  visualise  tha  futura  ATC  systaa,  various  factors  hav*  to  ba  takan  into  account. 
Aa'rng  thasa  ar*  tha  following: 

-  A  mu  bar  of  aspacts  of  ATC  dap*  ad  upon  azist ing  or  future  lntarnat lonal  agraaaants,  a.g.  AKINC  stan¬ 
dards,  ICAO,  datas  for  tha  protection  of  systaas,  airspace  organisation.  The  slowness  of  the  process 
involved  in  such  agraaaants  can  ba  a  factor  delaying  tha  introduction  of  tachnologias  which  arc  in  fact 
available  in  the  short  or  aadlua  tara; 

-  factors  connected  with  the  role  of  the  huaan  being  within  th*  systaa  and  the  suitability  of  certain 
techniques  or  aathods,  a.g.  speech  recognition,  3-dlaenslonal  presentation,  the  usa  of  expert  systeas; 

-  The  fact  that  tha  systaa  can  progress  only  by  aaans  of  an  avolutlonary  process  aad  also  tha  great  dif¬ 
ficulty  Involved  in  synchronising  tha  avolutlonary  phases  in  th*  ground  ATC  systaa  with  those  of  ATC- 
ralatad  aircraft  systaas; 

-  Th*  constraints  resulting  froa  airspace  organisation,  especially  tb*  cohabitation  by  both  civil  and 
allltary,  and  airport  capacity. 

3.2.  Th*  abov*  tends  to  show  tha  need  to  define  aia*  which  ar*  ambitious  rather  than  modest  -  in  order 
not  to  b*  influenced  too  auch  by  avants  -  and  which  can  b*  a  guide  to  th*  action  to  be  takan  in  connection 
wl'.h  the  subjects  mentioned  above,  l.a.  with  regard  to 

-  international  authorities 

-  tha  aaln  Unas  of  research,  development  and  experimentation 

-  implementation. 

3.3.  If  tha  aoat  likely  aaauaptlons  as  to  tha  characteristics  of  th*  navigation,  surveillance  and  coa- 
aunicatlon  systaa*  in  us*  in  tha  year  2000  ar*  submitted  to  analysis,  it  is  easier  to  identify  th*  areas 
in  which  th*  problaaa  involved  lie,  namely,  accurate  navigation,  accurate  position-finding,  automatic  air/ 
ground  and  ground/ground  comaunlcatlona,  aad  close  coupling  batwaan  tha  aircraft  and  ground  control. 


4.  gAV ICATIQgAL  FAC1UTIM 


Tha  work  of  th*  ICAO  future  Air  Navigation  System*  (FANS)  Special  Committee  has  bean  aad*  widely  known. 
Th*  Coamltta*  introduced  the  concept  of  Inquired  Navigation  Performance  Capability  (RNPC)  and  postulated 
that  tha  usa  of  aatallltaa  for  navigation  would  prov*  to  ba  highly  reliable,  of  high  integrity  and  highly 
accurate. 
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The  number  of  navigation  systems  that  could  be  adopted,  viz,  Navstar/GPS,  Glonass,  Granas,  Mavaat, 
Geostar,  and  no  doubt  others  still  to  be  developed,  together  with  the  nature  of  the  questions  which  still 
remain  to  be  decided  is  probably  and  indication  that  it  will  be  a  one  time  before  the  situation  becomes 
clear. 

In  any  event,  the  current  systea,  based  essentially  on  the  use  of  VOR/DME,  will  evolve  towards  an  area 
navigation  aystaa  (RNAV)  using  dual  DMes  and/or  satellites.  This  will  directly  affect  airspace  organisa¬ 
tion. 


5.  THE  SURVEILLANCE  SYSTEM 


Improvements  in  the  surveillance  systea  will  occur  in  the  following  areas: 

-  Accuracy  in  determining  aircraft  position  and  horizontal  and  vertical  speeds; 

-  Reliability  of  the  data  providing  identification; 

-  The  possibility  of  detecting  gross  navigational  errors. 

The  introduction  of  Mode  S  secondary  radar  could  make  it  possible  to  achieve  the  above  aims. 

Moreover,  the  FADS  Special  Committee  is  studying  an  “Automatic  Dependent  Surveillance"  (ADS)  concept 
whereby  an  aircraft  periodically,  or  upon  request  from  ATC,  transmits  avlonicsystems-derlved  data  to  the 
ground  systea  for  air  traffic  control  purposes.  This  method  would  aake  use  of  communications  satellites 
and  its  application  would  Initially  be  restricted  to  those  areas  not  covered  by  radar. 

It  any  also  be  noted  that  work  on  the  preliminary  specifications  for  the  alr/ground  and  ground/air 
exchange  of  date  via  the  Mode  S  data  link  are  currently  in  hand.  Various  trials  of  aeronautical  com¬ 
munications  via  satellite  have  already  taken  place  or  are  envisaged,  the  Prosat  system  for  example.  The 
use  of  a  data  link  is  an  Integral  part  of  the  Automatic  Dependant  Survell-lance  system.  It  is  not 
however,  expected  that  the  ADS  systea  will  replace  an  lndependant  co-operative  system  of  the  Mode  S  type 
in  areas  of  hlgh-denaity  traffic. 

The  idea  of  an  lndependant  co-operative  surveillance  system  is  also  mentioned  by  the  FANS  Special  Commit¬ 
tee.  This  would  provide  undeniable  advantages  In  the  matter  of  coverage,  accuracy  and  maintenance  as  com¬ 
pared  with  a  network  of  ground  radars. 

In  all  cases,  the  availability  of  facilities  for  the  acquisition  of  accurate  Identif lcatlon  data  and  posi¬ 
tion  data  is  assured. 


6.  COMMUNICATIONS 


6.1.  Air/ground  data  communications 

Whether  by  means  of  Mode  S  or  satellite  data  links,  the  possibility  of  having  automatic  alr/ground  and 
ground/alr  data  transmission  can  at  last  be  seen.  The  need  for  ATC  to  have  further  data  from  aircraft  in 
addition  to  altitude  and  Identification  have  been  expressed  for  decades.  The  limitations  on  the  accuracy 
of  flight  path  prediction  will  be  reduced  to  a  significant  extent. 

It  should  also  be  possible  for  the  aircraft  to  have  access  to  a  number  of  data  bases,  such  as  those 
relating  to  MET  and  AIS,  which  are  stored  in  ground  systems,  and  for  certain  ATC  instructions  to  be 
transmitted  to  the  aircraft  fora  ground  stations. 

The  Installation  of  alr/ground  and  ground/alr  data  links  is  one  of  Chose  areas  In  which  the  need  to  har¬ 
monise  aircraft  equipment  programmes  and  ground  equipment  programmes  is  of  prime  Importance. 

6.2.  Verbal  alr/ground  communications 

In  an  environment  In  which  a  large  part  of  the  routine  communications  takes  place  via  automatic  links, 
verbal  communication  will  still  remain  essential  In  order  to  resolve  special  problems. 

6.3.  Cround/ground  communications 

Automatic  ceatre-to-centre  links  will  probably  increase  to  a  considerable  extent.  The  ATC  system  relies 
more  and  more  on  the  Interrogation  of  distributed  data  bases  which  are  shared  between  several  functional 
bodies,  slong  with  the  associated  problems  of  updating  and  of  maintaining  consistency.  A  special  problem 
occurs  la  the  setting-up  of  a  future  Mode  S  network  with  inter-site  operation. 
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7.  DATA  PROCESSING  SYSTEMS 


The  expected  increase  In  the  voluae  of  traffic  will  bring  about  a  corresponding  Increase  in  the  capacity 
of  Che  ATC  system.  But  it  is  especially  by  increasing  the  part  played  by  autoaated  systems  in  the 
decision-making  process  that  this  Increased  capacity  will  become  possible.  It  is  obvious  that,  as  in  any 
other  fields,  data  processing  is  going  to  occupy  a  predominant  place.  The  foreseeable  developaents  in 
computer  technology  and  in  Input/output  facilities  (e.g.  displays,  dialogue,  etc.)  are  such  as  to  leave  a 
wide  field  open  to  the  imagination. 

A  number  of  major  subjects  of  preoccupation  must  however,  be  borne  in  mind;  subjects  such  as: 

-  the  need  to  have  reliable  systems  which  will  be  "fault-tolerant"; 

-  the  man/machlne  relationship; 

-  compatibility  between  systems. 


8.  THE  EUROCONTROL  AGENCY 


Since  1980,  the  EUROCONTROL  Agency  has  been  working  on  the  development  of  a  future  system  concept  for  air 
traffic  services  and  the  formulation  of  a  corresponding  research  programme.  The  time-scale  of  this  con¬ 
cept  extends  from  the  late  1990s  to  the  decade  2020/2030.  Quite  clearly  the  present  document  is  largely 
inspired  by  the  thinking  of  the  working  group  which  is  developing  the  concept  and  whose  considerations  go 
beyond  those  of  the  EUROCONTROL  area  properly  speaking.  This  group  has  emphasised  a  certain  number  of 
principles  for  the  development  and  implementation  of  the  future  system  together  with  the  essential  ATC 
functions.  In  the  paragraphs  that  follow,  stress  will  be  placed  on  the  aspects  which  associate  aircraft 
and  ATC  closely. 


9.  PRINCIPLES 


A  list  of  these  principles  will  be  found  in  Annex  1.  Five  of  them  deserve  special  attention  and  are 

referred  to  below.  *’ 

9.1.  The  responsibilities  of  controller  and  pilot  in  the  context  of  automation 

Progress  in  automation  and  in  computer-provided  assistance  are  essential  for  the  future  system.  It  will 
be  necessary  to  find  the  correct  balance  as  regards  the  tasks  involved  and  the  role  played  by  the  human 
beings  concerned.  This  applies  to  traffic  monitoring  and,  more  particular,  the  mechanism  Involved  in 
decision-taking. 

9.2.  Air  traffic  management  functions 

The  basic  functions  of  the  ATS  system  will  be  performed  by  the  ground  organisation.  However,  the  idea  of  a 
partial  transfer  of  responsibility  in  the  long  term  to  the  airborne  side  is  not  excluded. 

9*3.  Responsibility  for  navigation 

With  the  exception  of  radar  vectoring,  responsibility  for  the  navigation  rests  with  the  pilot. 

9.4.  Exploitation  of  the  capabilities  of  airborne  equipment 

Full  account  must  be  taken  of  the  need  to  exploit  the  capabilities  of  sdvanced  airborne  equipment  so  as  to 
provide  optimum  flight  economy  compatible  with  overall  system  efficiency. 

9.5.  Airspace  organisation 

The  future  system  should  be  based  on  sn  area  control  concept  instead  of  a  fixed  route  network  concept. 

This  is  so  as  to  allow  the  maximum  of  flexibility  and  operating  economy. 


10.  GUIDE-LINES 


3» 

# 

4 

I 


The  concept  for  the  year  2000  depends  therefore  on  the  following  features: 

-  The  availability  of  a  navigation  system  which  is  accurate  in  space  and  time  and  of  reliable  Flight 
Management  end  Guidance  systems  (FMCS); 


ATC  is  able  to  obtain  accurate  data  on  the  instantaneous  snd  forecast  positions  of  aircraft,  together 
with  what  this  implies  in  the  natter  of  data  processing  system  cspaclty  with  respect  to  real  time  and 
to  short,  medium  and  long-term  forecasting; 
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-  The  availability  of  an  alt/ground  and  ground/air  data  communication  system  which  enables  a  close 
coupling  between  the  aitcraft  and  ATC  to  be  achieved; 

-  Airspace  organisation  is  based  on  an  area  navigation  concept. 

The  accuracy  of  the  navigation  system  and  the  efficiency  of  the  flight  management  systems  should  enable 
the  pilot  to  propose  to  ATC  the  direct  and  optimum  routes  and  flight  profiles  that  he  is  certain  he  can 
follow  very  closely. 

In  return,  the  ability  of  ATC  to  evaluate  the  general  situation  also  with  great  accuracy  should  allow  a 
dialogue  to  be  established  prior  to  the  route  and  flight  profile  being  chosen.  The  overall  aim  is  to 
Increase  ATC  system  capacity,  while  at  the  same  time  complying  with  the  overriding  needs  of  safety  and 
economy.  The  means  for  doing  this  consist  in  increasing  the  automated  systems  in  decision-making  by  the 
controller.  This  of  course  supposes  that  the  automated  functions  form  a  consistent  whole,  that 
appropriate  aloglrthms  for  performing  them  can  be  worked  out  and  that  acceptable  solutions  can  be  found  as 
regards  the  man/  machine  relationship.  It  will  also  be  necessary  to  resolve  the  problems  connected  with 
transitions  tc  increasing  levels  of  automation  together  with  their  implications  for  reliability. 


11.  MAIN  FUNCTIONS 


The  main  improvements  in  the  ATS  system  are  expected  to  take  place  in  the  following  areas: 

-  Harmonisation  of  strategic  and  tactical  functions; 

-  ATC  productivity; 

-  The  management  of  arriving  flights. 

11.1.  Harmonisation  of  strategic  and  tactical  functions 

Efficient  air  traffic  control  depends,  firstly,  on  the  ability  to  forecast  traffic  situations  and,  when 
necessary,  to  use  planning  measures  to  modify  these  situations  and,  secondly,  on  the  ability  to  decide  on 
tactical  measures  that  are  the  most  appropriate  to  the  forecast  situations. 

During  the  period  of  application  of  Che  future  ATS  system  concept,  artificial  intelligence  techniques 
should  make  it  possible  to  reproduce  planned  traffic  situations  which  can  be  rationalised  in  accordance 
with  the  specific  conditions  involved,  e.g.  self teaching,  heuristic  methods,  etc. 

11.2.  Controller  productivity 

It  is  possible  to  discern  two  important  aspects  connected  with  an  improvement  in  controller  productivity. 
These  are: 

-  the  identification  of  genuine  potential  conflict  situations; 
the  installing  of  conflict-alert  systems. 

Three  timescales  are  envisaged:  medium-term  conflicts  (15  to  20  minutes);  short-term  conflicts  (of  the 
'safety  net'  type:  2  minutes);  immediate  conflicts  (30  seconds,  i.e.  of  the  ACAS  type  and  its 
derivatives) . 

The  alerting  function  of  the  first  two  of  the  above  is  carried  out  by  the  ground  system. 

11.3.  Improvement  in  the  management  of  arriving  flights 

This  Involves  combining  the  utilisation  of  the  maximum  landing  capacity  and  the  utilisation  of  optimum 
flight  path  profiles,  and  is  an  area  in  which  experimental  and  research  work  has  been  in  progress  for 
several  years,  e.g.  COMPAS,  Zone  of  Convergence.  Given  the  capabilities  of  flight  management  and  guidance 
systems,  ground-based  prediction  systems  and  prospect  of  automatic  data  links,  various  practical  courses 
of  action  can  be  foreseen. 

The  following,  however,  iiave  to  be  borne  in  mind: 

-  ATC  will  always  be  faced  with  a  mixed  environment  where  the  capabilities  of  airborne  equipment  are 
concerned; 

-  It  will  therefore  be  necessary  to  design,  evaluate  and  validate  algorithms  and  procedures  which  are 
adaptable  to  a  wide  range  of  geographical  and  traffic  configurations. 

11.4.  FLIGHT-PATH  PREDICTION 


Significant  improvements  in  the  areas  dealt  with  above  are  dependent  on  the  availability  of  a  high-quality 
flight-path  prediction  system.  This  Implies  that  aircraft  are  able  to  follow  accurately  a  predetermined 
flight  path. 
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In  addition,  the  full  benefit  of  the  area  navigation  concept  can  only  be  obtained  ineofar  ae  the  ATC 
1  system  is  provided  with  tried  and  proved  techniques*  The  nature,  renewal  rate,  accuracy  and  also  the 

l.  source  of  the  data  required  by  the  ground  system  for  flight-path  prediction  differ  according  to  the 

confllctalert  timescale  and  also  according  to  the  phase  of  the  flight  concerned,  e.g.  en  route,  terminal 
area. 

It  is  possible  to  identify  a  certain  number  of  lines  of  research  which  are  additional  to  those  mentioned 
above,  namely: 

-  The  possibility  of  the  acquisition  of  updated  MET  data  by  airborne  equipment  and  ground  equipment; 

-  Improved  knowledge  of  the  vector  state  of  the  aircraft; 

-  The  ability  of  the  aircraft  during  the  period  under  consideration  to  keep  to  the  predetermined  flight 
path  in  the  four  dimensions; 

-  The  coupling  of  the  flight  control  systems  and  flight  path  prediction  systems  in  the  aircraft  and  on 

|  the  ground* 


12.  ADVANCED  .-,TC  TECHNOLOGY  DEMONSTRATION  SYSTEM 


12.1.  Any  system  based  on  the  strict  adherence  to  planned  flight  paths  requires  high-quality  data  con¬ 
cerning  the  flight  together  with  a  good  knowledge  of  the  pilot's  Intentions  and  consequently  close  co¬ 
operation  between  the  aircraft  and  the  ground  systems.  Moreover,  the  various  components  of  the  air  traffic 
control  system  are  increasingly  inter-dependant. 

As  a  result,  an  evaluation  which  is  concerned  specifically  with  a  particular  component  of  the  system,  e.g. 
FMGS,  Mode  S,  must  of  necessity  Include  an  evaluation  at  the  system  level.  There  is  therefore  an  evident 
need  for  simulation  facilities  which  are  representative  of  the  ATS  system  as  a  whole.  These  simulation 
facilities  should  use  the  most  advanced  technology  available  (these  are  not  necessarily  the  same  that 
actual  conditions  will  dictate  at  the  start  of  the  implementation  of  the  concept).  In  this  sense,  such 
facilities  would  be  simulation  systems  as  well  as  demonstration  systems. 

12.2.  The  above  foreshadows  the  future  system  the  ground  organisation  of  which  could  be  envisaged  as 
follows: 

Sjrstem_lngvit : 


-  Transmitted  via  the  alr/ground  data  link:  proposals  regarding  the  future  flight  path  derived  from  the 

Flight  Management  System  and  position  data  derived  from  the  navigation  system; 

-  Obtained  from  the  Independent  surveillance  system:  position  data  for  the  whole  of  the  traffic; 

Flight  plans. 

S^s tem_ou tgu t _ to_ the _ai r c ra f c _^vla _t he  alr/ground  data  link) : 


-  Proposals  concerning,  or  modifications  to,  flight  paths; 

-  Instructions  for  vectoring  and  avoidance. 

The  architecture  of  the  ground  system  described  In  Figure  1  could  be  seen  as  having  five  sub-systems ,  as 
follows: 


-  Calculation  of  the  four-dimensional  flight  paths  and  the  "negotiation’’  of  the  route  and  flight  profile 
with  the  pilot; 

-  The  strategic  function; 

-  The  ATC  tactical  function; 

-  The  monitoring  of  the  actual  situation  to  check  compliance  with  the  forecast  situation; 

-  The  working  positions  with  their  display  and  input/output  facilities. 

12.3.  The  advanced  ATC  technology  demonstration  system  would  therefore  Include: 

-  the  realistic  representation  of  the  behaviour  of  aircraft  which  would  be  presumed  to  have  the  most 
advanced  equipment; 

-  a  global  position-finding  system  supplemented  by  an  alr/ground  data  link; 
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Figure  1 


the  representation  of  the  aost  advanced  functions  of  the  ground  system; 

supervisory  and  executive  control  positions  which  Include  the  most  advanced  types  of  man/machlne  com¬ 
munications  facilities. 


13.  CONCLUSION 


A  considerable  amount  of  work  still  remains  to  be  done  in  order  to  refine  the  ATS  system  concept  for  the 
year  2000  and  beyond.  It  is  nevertheless  possible  to  discern  the  broad  lines  of  future  developments: 

-  Accurate  navigation; 

-  Close  coupling  between  each  aircraft  and  ATC; 

-  Accurate  position-finding; 

-  Automated  communications. 

Studies,  tests  and  trials  In  all  the  above  fields  are  increasing.  However,  to  avoid  the  risk  of  failure 
they  will  need  to  be  accompanied  by  frequent  consultation  between  the  aircraft  manufacturers,  equipment 
manufacturers,  aircraft  operators  and  the  authorities  responsible  for  air  traffic  control. 
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ANNEX  1. 


PRINCIPLES 

The  following  le  a  Use  of  the  principles  by  which  the  developaent  and  operation  of  the  future  ATS  system 
should  be  guided: 

>  1.  Adherence  to  ICAO  rules- 

2.  Continuity  of  safe  operations- 

3-  Provision  of  adequate  redundancy  in  navigation,  surveillance  and  communications. 

4.  Responsibilities  of  controller  and  pilot  in  the  context  of  automation- 

5-  The  ATS  system  to  serve  the  whole  of  the  airspace  and  the  totality  of  the  traffic. 

6.  Utilisation  of  Minimum  Performance  Specifications. 

7-  Cost-effectiveness  analysis  and  operational/technical  judgement  for  policy  decisions. 

8.  The  air  traffic  management  functions  of  the  system  should  be  essentially  ground-based. 

9.  Capacity  for  coping  with  demands. 

10.  ATFM  capability  and  relationship  with  ATC. 

11.  Avoidance  for  airspace  segregation. 

12.  Responsibility  for  navigation. 

13.  Priority  rules. 

14.  Functional  harmonisation  of  services. 

15.  Compatibility  in  data  exchanges. 

16.  Maximum  exploitation  of  advanced  airborne  equipment  capabilities. 

17.  ATS  airspace  organisation  based  on  an  area  control  concept. 
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par 

V.  VACHIEBY 

ORGANISATION  EUROPEENNE  POUR  LA  SECURITE  DE  LA  NAVIGATION  AERIENME 

EUROCONTROL 

Rua  da  la  Lol,  72,  B-1040  Bruxelles 


RESUME 


Lb  eystim  dee  services  da  la  circulation  adrierme  dee  amass  2000  davra  pouvoir  fair «  face  &  l 'augmenta¬ 
tion  constants  du  trafia  et  presenter  un  minis eon  da  aontrainte  au  niveau  dae  oo&ta  d' exploitation  dee 
adronafe. 

Tl  davra  prendre  totalement  an  aonpta  lea  methodee  da  conduits  du  vol  at,  an  partieulier,  la  poaeibilitd 
de  auivre,  da  fag  on  precise,  un  profit  da  vol  determine • 

Depute  1980,  un  Groups  de  travail  da  V Agones  EUROCOKTROL  set  charge  de  la  miee  au  point  du  oonoept  futur 
et  de  la  formulation  du  programs  da  reoherohe  oorreepondant . 

L' expose  qui  euit  paeee  an  revue  lee  objeotife,  lee  obstacles,  lee  prinoipee  essentials  et  lee  oaraatd- 
riatiquee  assooies  &  la  miee  an  oeuvre  et  &  l 'exploitation  du  system  ATS  futur. 

Tl  fait  reeeortir  la  neaeeeite  d'une  aonaertation  intense  entre  lee  avionneure,  lea  equipemantiare,  lea 
exploitants  du  transport  adrien  et  lee  reeponeablee  das  services  da  gestion  du  trafio  adrien. 


1.  INTRODUCTION 

Aaaurcr  l'icouleaent  du  traflc  avac  aouplesae,  sCcuriti  et  dana  lea  conditions  Cconoaiques  optlaales  cona- 
tltue  la  alas Ion  du  ContrSle  du  Traflc  Adrian.  Lea  aoyena  nScesaalrea  A  1'exScutlon  du  ContrOle  du  Traflc 
Adrien  au  coura  dea  dernlires  ddcennles  ont  dvolud  progress lveaent  en  un  systiae  coaplexe  dont  lea  coapo- 
sants  prlnclpaux  aont  la  radar  da  surveillance,  las  coaaunlcatlona,  lea  aystiaes  de  navigation  et  le  tral- 
teaent  Inforaatlque-  Ce  systiae  a  pu  a'adapter  3  l'dvolutlon  de  l'avlon  a ana  qu'une  concertatlon  dtrolte 
s'dtabllase  entre  lea  concepteura  d'avlons  et  ceux  de  l'ATC. 

Jusqu'alnrs,  le  "SOL"  dtabllt  la  situation  "AIR",  prdvue  et  lnstantande,  3  partlr  de  donndes  totaleaent 
lnddpendantes  de  celles  qul  aont  utlllsdea  pour  la  condulte  du  vol,  exception  falte  de  l'altltude  Mode  C 
du  radar  aecondalre. 

Le  tralteaent  Inforaatlque  dea  donndea  plan  de  vol  et  radar,  alnsl  que  l'asslstance  autoaatlsde  3  la 
prdvislon  et  la  geatlon  dea  courants  de  traflc  aont  ddsoraals  largeaent  rdpandus  avec  dea  degrds  de  raffl- 
neaent  divers.  On  volt,  par  allleurs,  s'accroTtre  le  noabre  d'avlons  aodernes  dqulpda  de  aystiaes  de  ges¬ 
tion  de  vol  (FMS).  Nianaolns,  lea  aystiaes  "SOL"  lea  plus  avancSs  travalllent  toujours  3  partlr  d'une 
description  de  perforaancea  "avlona"  qul  ne  correapondent  3  la  riallti  que  de  faqon  approxlaatlve.  Cecl  a 
dea  consCquences  dlrectea  aur  un  certain  noabre  d’aspects  fondamentaux,  tela  que  la  determination  dea  nor- 
aea  d'espaceaent  et  lea  procedures  utlllaSea  pour  en  assurer  le  aalntlen,  en  route,  coaae  dans  lea  zonea 
teralnales. 

Lea  transporteura  airlens  exercent  aur  lea  autorites  reaponsablea  du  ContrSle,  une  presalon  ligltlae  pour 
obtenlr  un  service  adapts  3  l'augaentatlon  constante  du  traflc  et  prisentant  un  alnlaua  de  contralnte  3  la 
rentablllsatlon  dea  Inveatlsseaents  consentls  au  plan  de  l'avlon. 

II  eat  clalr  qu'll  ne  pourra  leur  Stre  donnS  satisfaction  dans  l'avenir  que  par  la  alee  en  oeuvre  de 
concepts  qui  prennent  totaleaent  en  compte  lea  nithodes  de  condulte  du  vol  et,  en  partieulier,  la  posslbl- 
llti  donnie  3  1'aSronef  de  respecter,  de  faqon  precise  et  dans  lea  quatre  dimensions,  un  profll  dSteralnS. 


2.  LES  OBJECTIFS 


8 'll  eat  besoln  de  se  convalncre  de  la  distance  qul  sCpare  le  syatiae  actuel  de  celul  que  dislrent  lea 
usagers,  11  sufflt  de  passer  brlivsasnt  en  revue  lea  phases  de  preparation  et  d'exicutlon  d'un  vol  tellea 
qu'elles  devralent  de  ddrouler. 
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2.1.  Plan  de  wl 


Au  ncadn  da  la  preparation  du  Plan  da  Vol,  la  Commandant  da  bord  davrait  avoir  la  libra  ehola  da  la  routa, 
du  profit  da  vol  at  da  l'baura  pricise  da  dipart.  II  davrait  dlapoaar  autoaat Iqueaent  daa  donniaa 
Mitiorologlquae  at  da  1* information  Aironautlque .  11  davrait  obtanlr  avant  la  dipart  la  "clearance*  pour 
la  totallti  da  la  routa  at  du  profit  requla* 

2.2.  Picollaga  at  aontia 

Las  opiratlona  da  alaa  an  routa  das  aotedrs,  roulaga,  allgneaant  at  dicollage  davralant  s'enchalnar  sans 
discontinuity  La  aootie  sans  rastrlctlons  au  ntvaau  da  crolalira  optlaal  davrait  itra  la  rigle 
ginirala. 

2.3.  Phase  an  routs 


Ella  davrait  pouvolr  s'axicutar  comae  privu,  sans  altiratlons  da  nlvaaun  at  da  caps,  at  an  aalntanant  au 
alnlaua  las  lntarvantlons  du  pilots  Hits  au  contrila  du  traflc  (changeaents  da  friquence,  coaaunlcations, 
manipulations  da  clavlar,  ate.). 

2.*.  Dascanta  at  roulaga 

La  dascanta  davrait  a'affactuar  salon  la  profit  optlaal  jusqu'au  touchar  das  rouas  at  la  distance  pour  rn- 
Jolndra  la  parking,  ttra  aussl  courts  qua  posslbla. 

Comma  on  paut  la  conatatar,  l'icart  sat  grand  par  rapport  i  la  riallti. 


3.  LES  OBSTACLES 


3.1.  Lorsqu'on  asaala  d'lnaglner  la  eyatiae  futur,  on  ae  trouve  confronti  d  pluslaura  aspects,  paral 
leaquele  : 

-  lea  aspects  qul  sont  trlbutalres  d'accords  lntarvenua  ou  1  lntervenlr  dans  le  domalne  International 
(noraea  AB1NC,  0AC1,  dates  de  protection  des  systiaes,  organisation  de  l'eapace  airlen,  etc.).  La 
lenteur  du  processus  peut  itrs  facteur  de  ralentlasement  dans  1 ' Introduction  de  technologies  pourtant 
dlsponlbles  1  court  ou  noyen  terms  ; 

-  lea  aspect a  qul  ressortent  du  rile  de  l'honae  dans  le  systiae  et  de  l'adiquatlon  de  certalnes  techni¬ 
ques  ou  aithodologles  (reconnaissance  de  la  parole,  prisentatlon  3  0,  utilisation  de  systiaes 

experts,  etc.)  ; 

-  le  fait  que  le  syatiae  ne  paut  progresser  que  de  par  ivolutlon  et  l'inorae  difficult*  qu'll  y  a  i  syn¬ 
chroniser  lea  phases  d' ivolutlon  au  sol  et  1  bord  ; 

-  les  contralntes  risultant  de  l'orgaaisatlon  de  l'eapace  (cohabitation  clvlle/allltalre)  et  de  la  capa- 
clti  des  airoports. 

3.2.  Cccl  tendralt  1  aontrer  la  nicesslti  de  diflnlr  des  objectlfs  plutSt  ambltleux  que  aodestes  -  afin 
de  ne  pas  se  lalsser  porter  par  lea  ivineaents  -  et  qul  servent  de  guide  aux  actions  relatives  sux  sujets 
aentlonnis  plus  haut,  c'ast-i-dlre  sur  le  plan 

-  des  Instances  Internationales, 

-  des  axes  de  recherche,  diveloppeaent  et  expirlaentatlons, 

-  de  la  alse  en  oeuvre. 

3.3.  L'analyse  des  hypotheses  les  plus  probables  quant  aux  csractiristlquea  des  systiaws  de  navigation, 
de  surveillance  et  de  coaaunlcations  1  l'horixon  2000  penset  de  aleux  cerner  les  probliaes  : 

-  Navigation  pricise 

-  Localisation  pricise 

-  Coaaunlcations  autoaatlques  alr/sol  et  sol/sol 

-  Coup lags  itrolt  entre  l'avlon  et  le  sol. 


*.  LES  MOTENS  DE  NAVIGATION 


11  a  iti  largeaent  fait  icho  aux  travaux  du  coalti  spiclal  de  l'OACI  -  Future  Air  Navigation  Systeas 
(FANS).  Ca  coalti  a  lntrodult  la  notion  du  concept  RNPC  (Required  Navigation  Performance  Capability).  II 
a  postuli  que  la  navigation  par  rifirence  satellite  s'avirera  hauteaent  (table,  de  haute  intigrlti  et  de 
haute  priclslon. 


hk  ' 


U  Hat*  4m  MltiMa  coadldats  hncull  (NAMTAA/CPI,  CUMUM,  4UIU,  NAVCAT,  CNOfTAN  at  d'autras  mm 
douts  t  vault),  ataal  qua  la  —Cure  das  questions  qul  res teat  o—artas  Ulaaaat  prisagar  qu'll  (audra  ua 
cartala  ta— a  avast  qua  la  altuatloa  aa  dicaats. 

Kn  tout  itat  da  cauaa,  la  sysci—  actual,  aaaaat lal laaaat  bad  aur  l'utlllaatloa  du  von/ Dm,  avoluara  vara 
ua  systA—  da  navigation  da  surface  (double  am  at/ou  aatalllta).  Cacl  aura  ua  lapuct  dlracc  aur  l'orga- 
nlaatloo  da  L'sapaca  adrlan. 


5.  STSTIME  D€  SUiVIIU-AMCg 


L' sail location  du  systi—  da  aurvalllaoca  aa  aanl festers  daaa  laa  do— inee  aulvaata  : 

-  Prtclslon  da  la  aaaura  da  position  at  daa  vltessas  horlsontalse  at  vertlcalaa. 

-  Flabllltd  daa  donates  d'ldantlflcatloo. 

-  Poaalblliti  da  ditactar  laa  arraura  groaaldraa  da  — vlgatlon. 

La  ala  a  an  oauvra  du  radar  aacoodalra/tioda  S  pourralt  paraattra  d'attalodra  caa  objactlfs. 

Par  alllaura,  la  coalti  PANS  itudla  un  concept  da  'Survalllaaca  Auto— tlqua  Di  pendente"  (AOS),  daoa  laqual 
1'droMi  tranaaat  1  l'uaaga  du  coatrSla  daa  doonias  du  systi—  avlonlqua  eolt  pirlodlqua— nt  volt  aur  da— 
oaada  du  aol.  Cacl  faralt  appal  A  daa  aatallltaa  da  cnaaunlcat Iona  at  aon  application  aaralt  lnltlalaaant 
llaltie  I  daa  tonaa  non  couvartaa  par  radar. 

On  paut  igaleuent  notar  qua  la  lialaon  da  donniss  du  Moda  S  (alt  actuallaaant  l'objat  da  «p4c  1 f 1 cat Iona 
prillalnalras  pour  tchangs  alr/aol,  aol/alr,  Daa  aaaals  da  coa—nlcatlo—  adronaudquaa  par  aatalllta  oot 
diji  au  llau  ou  aont  anvlsagis  (par  aaaapla,  P10SAT),  L'utlllaatloa  d'uoa  lialaon  da  donniss  aat  partla 
lntigranta  du  systi—  ADS.  On  oa  a'attaad  toutafola  p aa  A  ca  qua  un  ADS  raaplaca  un  ayatAaa  coopdratlf 
IndApandant  (du  typa  Moda  S)  daaa  laa  toaat  A  hauta  danalti. 

La  notion  d'un  ayatAaa  coopdratlf  IndApandant  da  aurvalllanca  aat  Agalaaant  SvoquAa  par  la  CoaltS  PANS. 
(1  prAaantaralt,  par  rapport  A  un  rAaaau  da  radara  au  aol,  daa  avantagaa  lndAnlablaa  (couvartura,  pricl- 
alon,  aalntananca). 

Dans  toua  las  caa,  la  dlaponlbllltS  da  —yens  d'acqulaltlon  da  donniaa  d'ldantlflcatlon  at  da  position 

priclsas  aat  asauria. 


6.  COMMUNICATIONS 

6.1.  Co— unlcatlona  da  donniaa  Alr/aol  : 


Qu'll  a'aglase  da  liaisons  da  donniaa  Mode  S  ou  aatallltaa,  on  volt  anfln  aa  natirlallser  la  posslblllti 
da  dlsposar  d'una  tranaalsalon  autoaatlque  de  donniaa  Alr/Sol  at  Sol/Alr.  La  basoln  da  dlsposar  au  sol, 
an  plus  da  l'altltude  at  da  1' identification,  d '  Inf ornat lone  connuas  A  bord  a  it i  sxprlai  depute  das  dt- 
cannlas.  Las  llaltas  A  la  priclslon  da  la  pridlctlon  da  trsjsctolras  aa  trouvaront  rapoueeiae  da  faqon  el- 
gnlf lcatlva. 

II  davrait  igalaaant  itra  possible  d'avolr  accAa,  depuls  la  bord,  A  das  baaas  da  donniaa  au  sol  (Mitio, 
SIA)  at  da  trana— ttre  vers  la  bord  cartalnaa  Instructions  ATC  depuls  la  aol. 

La  alsa  an  oauvra  da  liaisons  da  donniaa  alr/aol-sol  constltue  un  da  cat  donalnae  oil  la  nicasslti  d'harao- 
nlaar  las  prograasaes  d'iqulpaaant  au  aol  at  A  bord  revit  una  laportanca  prlaordlale. 

6.2.  Co— unlcatlona  vacbalaa  alr/aol  : 

Dana  un  anvlronnaaant  oil  una  grande  partla  dea  con— nlcatlons  da  routine  aont  achaalnies  aur  laa  liaisons 
autonatlquaa,  11  rasters  lapiratif  da  pouvolr  utlllser  laa  coasunlcatlona  verbalaa  pour  la  risolutlon  de 
probliaas  partlcullers. 

6.3.  Co— unlcat lone  aol/aol  : 

Las  liaisons  auto— tlquas  centra  A  contra  davralant  aa  divelopper  da  faqon  consldirabla.  La  systA—  ATC 
repose  da  plus  an  plus  aur  1' Interrogation  da  bases  da  donnies  distributee  at  partagies  antra  plusleurs 
entltis  (onctlonnsllas,  avac  laa  probli— a  assoclis  da  nlsa  A  jour  at  da  — lntlan  da  la  cohiranca.  Un 
probli—  particullar  rislda  dans  la  criatlon  d'un  (utur  rissau  Moda  S  (fonctlonna— nt  lntarslte). 


7.  LIS  SYSTgttS  INP0AMATIQUE8 


L'ivolutlon  attandus  du  voluae  da  traflc  va  nicaasltar  un  accrolssa— nt  correspondent  da  la  cspaclti  du 
systi—  ATC.  Cast  aurtout  aa  eug— ntaat  la  rile  da  l'asslstanca  auto— tlsia  dans  la  procassus  da  prlsa 
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de  McUIm  qua  cacl  aara  poaalble.  II  aat  clalr  qua,  cmm  <ui  boa  ooabra  da  do— 1— a,  1  *  Inf  or— t  lqua 
,a  occupar  uaa  placa  prfpMdiraata.  Laa  ddvoloppa— nta  prdvlalblea  da  la  tach— logla  daa  ordlaataura  at 
4a a  aoyeaa  d'aatrda/aurcla  (vlaualleatlon,  dialogue,  ate.)  Xalaaaat  u a  vaete  cheap  libra  i  1 ' 1— gloat  loo. 

II  faudra  nliaanlaa  gardar  >  l'eaprlt  laa  aujeta  da  prdoccupat loo  aajaura,  tala  qua  : 

la  adceeeltd  da  dlapoaer  da  ayatd— a  (lablaa  at  "toldranta  I  la  faute*, 

laa  rapporta  ho— a/— chi— , 

la  coapatlbllltd  daa  ayatd— a  antra  aux. 


s.  L'acEdCE  EUdocorrtoL 


Da  pula  1980,  l'Agence  EUROCONTROL  travallle  d  la  ala a  au  point  d'un  concapt  du  futur  ayatd—  daa  aarvlcaa 
da  la  circulation  adrianna  (ATS)  at  d  la  for— latloa  d'un  progra— e  da  racharcha  corraapondant.  La  pdrlo- 
da  d'applicatlon  a'itand  da  la  (In  du  aldcla  aux  anodea  2020.  La  prdaanta  CO— unlcatlon  aat  dvlde— ent 
large— at  lneplrda  da  la  rdflaxlon  du  groupa  da  travail  qul  dlabora  la  concapt  at  dont  laa  conalddratlona 
ddpaaaant  la  rdglon  EUROCONTROL  propro— nt  dlta.  Ce  groupa  a  ala  an  raliaf  un  certain  ooabre  da  prlnclpaa 
pour  la  divaloppa—nt  at  la  alee  an  oeuvre  du  tyati—  futur,  alnal  qua  lea  fonctlona  ATC  aaaentlallaa. 
Dana  ce  qul  eult,  1' accent  aara  ala  aur  laa  aapacta  qul  aaaoclent  dtrolta— at  l'avlon  at  la  contrftle  du 
trade. 


9.  LES  PRINC1PES 


On  trouvara,  an  annexe,  la  llata  da  caa  prlnclpaa.  Cinq  d'entr'aux  nirltant  una  attention  partleullfere. 

9.1.  Eaaponaablllt>  du  contrttleur  at  du  pliota  an  alllau  auto— tied  : 

Daa  progrda  dana  l'auto— tlaatlon  et  dana  l'aaalatanca  par  ordinateur  aont  lndlapenaablaa  pour  la  ayatd— 
futur.  11  faudra  trouver  la  juate  dqulllbre  par  rapport  aux  tlchaa  et  au  rSle  da  l'dldaent  hunaln.  Cacl 
concarna  laa  tdchea  da  aurvelllance  du  trade  at,  plua  part lculliranant ,  lea  adcania— a  da  prlae  de  ddcl- 
a Iona. 


9.2.  Fonctlona  da  geatlon  du  trade  : 

Ellaa  devralcnt,  pour  l'aaaantlel,  dtre  exdcutdea  par  l'organlaatlon  au  aol.  On  n'exclut  paa,  toutefols, 
2  long  tar—,  la  notion  d'un  tranafart  partlel  da  reaponaabllltd  vera  le  "bord". 

9.3.  Eaaponaabllltd  pour  la  navigation  : 

La  reaponaabllltd  da  la  navigation  lnconbe  au  pliota,  exception  falte  an  caa  de  guldage  radar. 

9. A.  Exploitation  daa  poaalbllltda  da  l'dqulpa— nt  da  bord  : 

II  davralt  ttre  pie  laa— nt  tenu  coapta  da  la  ndcaaaltd  d'explolter  laa  poaalbllltda  daa  dqulpa— nta  de 
bord  aodarnaa  afln  d'aaaurar  daa  condltlona  optl— lea  d'dconoale  du  vol  compatibles  avac  l'efflcacltd 
globala  du  ayatd— . 

9.5.  Organlaatlon  da  l'aapace  adrlan  : 

La  ayatd—  futur  davralt  dtre  bead  aur  un  concept  da  contrOle  de  tone  par  oppoaltlon  i  un  concept  da  rd- 
aaau  da  routee  flxda,  cacl  dana  la  but  da  par— ttra  un  — xiaua  da  aoupleaaa  at  d'dconoale  dea  opdra- 
tlona. 


10.  RESUME  DES  OEIEWTATIOWS 


La  concept  d  l'horlxon  2000  rapoaa  done  aur  laa  did— nta  aulvanta  : 

-  On  dlapoaa  d'un  ayatd—  da  — vlgatlon  prdcla,  dana  l'aapace  at  dana  la  taaqia,  at,  da  ayatd— a  da  gaa- 
t ion  at  da  condulta  da  vol  parfor— nta  (FMCS). 

-  La  aol  aat  an  —aura  d'dlaborar  daa  donndaa  prdclaaa  aur  laa  poaltlona  lnatantandaa  at  prdvuaa  dea  ad- 
ro— fa,  avac  ce  qua  cela  lapllque  au  plan  da  la  capacltd  da  tralte—  nt  daa  aytd— a  lnfor— tlquaa  (tanpa 
rdal,  prdvlelona  d  court,  —yen  at  long  tar—). 

-  On  dlapoaa  d'un  ayatd—  da  co— unlcatlona  da  donndaa  alr/aol-aol/air  qul  par—  t  la  rdallaatlon  d'un 
couplaga  dtrolt  antra  l'avlon  at  la  contrSla. 

-  L'organlaatlon  da  l'aapace  adrlan  eat  baa da  aur  un  concapt  da  navigation  da  aurface. 


I  w-< 


U  fikltlM  4g  tyttlH  da  navigation  at  l'afflcacltl  daa  eystiaex  da  gaatlon  da  vol  devraleat  peraettre 
au  pilots  da  proposer  1  l'ATC  daa  trajactolraa  dlrectes  at  optlaalea  tu'iJ  aat,  par  at  Ilsurs,  cartaia  da 
sulvre  da  (a(n  atrlcta. 

Ea  rat our,  las  pose 1 bill tie  da  l'ATC  d'ivaluar  la  altuatloa  glairele  igaleaeet  a vac  use  grande  precision 
devraleat  panaattra  l'itabllssaaeat  du  dialogue  prialabla  au  cbolx  da  la  trejoctolre.  L'objoctlf  global 
aat  d' eugnant ar  la  capaclti  du  syatiae  da  contrila  tout  an  raapactaat  laa  lapiratlfs  da  sicurlti  at  d'ico- 
noale.  Laa  aoyaaa  cooalataot  1  accroltre  l'aaalataaca  automat laia  1  la  prtaa  da  diclaloaa  du  contrilour. 
Cacl  auppoaa  biao  aataadu  qua  laa  foactlooa  automat lsiee  coaatltuant  un  aaaaabla  cobireot ,  qu'oo  pulaaa 
coocaaolr  laa  algorlthmas  approprlAa  pour  laur  aadcutloo  at  qua  daa  aolutloua  accaptablaa  aolaat  trouvdoa 
au  plan  daa  ralatioaa  hona/machloe.  11  faudra  igalament  rgaoudra  laa  problimaa  da  transition  |  daa  nl- 
va au*  crolaaant*  d 1 autouat 1 aat Ion  avac  laura  lapllcatloaa  aur  laa  aapacta  "flablllti". 


u.  roncTums  ptigciPAUis 


Laa  aailloratloms  priaclpalaa  au  syatima  ATS  aoat  attaoduaa  daaa  laa  domalnes  sulvsnts  : 

-  harmonisation  daa  fonctlona  stratiglquea  at  taetlquaa, 

-  productlvltl  du  controls, 

-  geatlou  daa  vola  A  l'arrlvie. 

11.1.  Haruoolaat ton  daa  fonctlon*  atratlglquaa  at  taetlquaa 

L'afflcacltl  du  contrAla  ddpand,  d'uoa  part,  da  l'aptltuda  I  privolr  laa  altuatlona  da  traflc,  A  aglr  aur 
caa  altuatlona  par  daa  aaauraa  da  planlf teat  loo  at,  d'autra  part,  da  la  poaalbllltt  da  ddcldar  da  aaauraa 
taetlquaa  qul  cadrant,  autant  qua  poaalbla,  avac  la  altuatlon  prdvua ■ 

Pour  la  pirlode  d'appllcatlon  du  concapt,  laa  tachnlquaa  d ' lntalllganca  artlflclalla  davralant  panaattra 
da  raprodulra  daa  altuatlona  da  traflc  organlatea,  auacaptlblaa  d'Atre  rat lonalladaa  an  fonctlon  da  condl- 
elona  spicifiques  rancoatrdaa  (auto-apprant (aaaga ,  mithodes  haurlatlquaa,  ate.). 

11.2.  Productlvltl  du  contrflla 

On  diatlnguara  daua  aapacta  lnportanca,  participant  A  1 'aailloratlon  da  la  productlvltl  du  contrAla  : 

-  1 ' Identification  da  altuatlona  da  coafllta  potential!  rlala, 

-  la  nlaa  an  place  da  dlapoaltlfa  d'alarta  aux  coafllta. 

Trola  typaa  da  nlveaux  aont  anvlaagla  :  Confllta  A  uoyan  terse  (15/20  slnutea),  A  court  terse  (type  filet 
da  aauvagarde  -  2  slnutea)  at  Isold let  (30  aacondoa  -  type  A CAS  at  asa  dlrlvia). 

La  fonctlon  d'alarta  aux  confllta  pour  laa  deux  presiera  niveaux  aat  axicutte  au  aol. 

11.3.  Asllloratlon  da  la  gaatlon  daa  vola  A  l'arrlvle 

11  a'aglt  da  cosblnar  ('exploitation  saxlsala  da  la  capaclti  d'atterrlasage  at  l'utlllaatlon  da  profile 
opt laa ux  da  trajactolraa.  C'aat  un  doaalna  ofl  das  travaux  da  recherche  at  d'expirlaentstlon  aa  diroulant 
depula  plualaura  anniaa  (COMP AS ,  Zona  da  Convergence,  ate.).  Laa  perforaancee  das  FMCS,  daa  aystAsas  da 
pridlctlon  basis  au  aol  at  las  perspectives  d'utlllaatlon  das  liaisons  autoaatlquae  da  donniaa  lalssant 
entravolr  daa  solutions. 

II  convlent  da  gsrdar  A  1 'esprit  laa  iliaents  sulvsnts  : 

-  L'ATC  sera  toujoura  confront!  A  un  envlronnaaant  slxta  au  plan  das  capacltia  da  l'lqulpasant  da  bord. 

-  11  faudra  done  concevolr,  lvalue r  at  valldar,  das  algorlthaas  at  das  prociduras  adaptables  A  un  large 
ivantall  da  configurations  giographlquae  at  da  traflc. 

11.1.  La  pridlctlon  da  trajactolraa 

L'obtantlon  d'aailioratlons  slgnlf lcatlves  dans  las  dosalnas  qul  vlannant  d'ltra  pasais  an  revue  passe  par 
la  nicesslti  da  disposer  d'un  systAsa  da  pridlctlon  da  trajactolraa  da  haute  qualltl.  Cacl  lapllqua  la 
posalblllti  pour  l'aironef  da  aulvra,  do  fsqon  atrlcta,  uoa  trajectolre  pridlternlnla . 

Da  plus,  11  na  ssra  plelneaent  tlri  binlflca  du  concapt  da  navigation  da  surface  qua  dans  la  aesura  oO  la 
systlme  au  sol  sera  assuri  da  disposer  da  tachnlquaa  Iprouvlas.  La  nature,  la  taux  da  rsoouvalleaant,  la 
priclslon  at,  aussl,  la  source  das  donniaa  qul  sont  raqulsas  au  aol  pour  la  pridlctlon  da  trajectolre  dlf- 
firant  salon  la  nlvaau  d'alarta  da  coufllt  consldiri  at  salon  la  partis  du  vol,  A  laquella  on  s'lntires- 
aa  (an  routs,  tons  terminals,  ate.). 

On  paut  Identifier  un  certain  noabre  d'axas  d'ltudas  additlonnals  A  ceux  qul  ont  iti  ivoqui  plus  haut, 
tala  qua  t 

-  las  poaslblltis  d'acqulsltlon  au  sol  at  A  bord  das  donniaa  aitiorologlques  A  jour. 
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-  l'taillorttlM  da  la  cou«Umk«  du  vecteur  d'dtat  da  t 'avion, 

-  laa  perlorasaces  da  tanue  da  trajactolra  daoa  las  quatra  dleenaloos  daa  apparalls  qul  volaroot  paadant 

la  pdrloda  coaaiddrbe. 

-  la  couplaga  daa  aystdasa  da  aulvl  at  da  prddlcltoe  da  trajactolraa  1  bard  at  au  aol. 


12.  STSTWd  [X  PPWgTtAIlOd  Dd  T1CIWOLOCU  arc  O' AVAgT-GAADt 

12.1.  Tout  ayatdaa  (oodd  aut  la  atrlcta  observance  daa  trajactolraa  prdvuaa  daaaada  daa  doaodaa  da  haute 
qualltd  coacaraaat  la  vol,  alaal  qu'uoe  bonne  coaaaiaaaaca  daa  lataatlona  du  pllota  at,  partaat,  uoa 
dtrolta  coopdratloa  alr/aol.  Tar  alllaurs,  laa  dlvara  bldaenta  da  I'ATC  aoat  da  plua  ao  plua  laterddpeo- 
daata. 

II  an  rdaulta  qua  l'dvaluatioo  spdclflque  1  oa  coapoeant  partlcullar  (FNCS,  Moda  S,  ate.)  dolt  dtra  adeea- 
ealreaant  coapldtde  par  uaa  dvaluatloo  au  alvoau  du  ayatdaa.  On  volt  done  apparattra  la  baaoln  da  aoyana 
da  eUailatton  raprdaaotatlfa  du  ayatdaa  ATS  dana  aon  eneeablc.  Caa  aojrana  da  alaulatlon  davralant  fairs 
appal  aua  technologies  laa  plua  avaoedoa  qul  na  aont  paa  ndceeaalreaant  callaa  qua  la  rialitd  lapoaara 
daoa  laa  praaldraa  anndaa  da  la  nlaa  an  oauvra  du  concapt.  Dana  ca  aana,  da  tala  aystdasa  cooat Ituaralant 
auaal  blao  daa  aoyana  da  alaulatlon  qua  daa  aoyana  da  ddaonatratlon. 

12.2.  Caux-cl  prdf Igureralent  la  ayatdaa  futur  doot  1 'organisation  au  aol  pourralt  s'eovlaager  coaaa 
aul  t  : 

datrdaa  daoa  la  ayatdaa  : 


-  tranaalaaa  par  la  data  link  alr/aol.  Daa  propoaltlona  da  trajactolraa  ddrlvdaa  du  FMS  at  daa  donodoa 
da  poaltlon  ddrlvdaa  du  ayatdaa  da  navigation, 

-  ddrlvdaa  du  ayatdaa  da  aurvolllanca  loddpondant  :  daa  donodoa  do  poaltlon  pour  l'anaaabla  du  traflc, 

-  laa  plana  da  vol. 

Sortlaa  du  ayatdaa  vara  1' avion  (tranaalaaa  via  la  data  link  alr/aol)  : 

•  daa  propoaltlona  ou  aaandaaanta  da  trajactolraa, 

-  daa  Instructions  da  guldaga  at  d'dvltaaant- 

L'archltactura  du  ayatdaa  au  aol,  ddcrlta  dqns  la  Flgura  1,  pourralt  an  concavolr  coaaa  dtant  rdpartla 
antra  cinq  soua-STstdaas  : 


-  la  calcul  daa  trajactolraa  A-0  at  la  "ndgoclatlon"  da  la  trajaccolra  avac  la  pllota  ; 

-  la  foactlon  atratdglqua  i 

-  la  f one t loo  ATC  tactlqua  ; 

-  la  aurvolllanca  da  la  conforaltd  antra  la  situation  prdvua  at  la  situation  rdalla  j 

-  laa  positions  da  travail  avac  laura  aoyana  da  prdsantatlon  at  d'antrdaa/aortlas. 

12.).  Las  syatdaaa  da  ddaonatratlon  da  tochnologla  ATC  d'avant— garde  coaportaraiant  done  : 

-  la  raprdsontatton  rdallats  da  l'avlon  qua  l'on  supposaralt  dotd  daa  dqulpsaants  las  plus  perfectlon- 

nda, 

-  ua  ayatdaa  global  do  locallaation  coapldtd  par  una  liaison  da  donndaa  alr/aol, 

-  ia  raprdsantat loa  das  (onctlona  las  plua  avanedaa  du  ayatdaa  au  aol, 

-  das  positions  da  supervision  at  d'  Intervention  falsant  appal  aux  techniques  las  plus  aodarnes  da  coaa- 
nl cat loa  hoaaa/aachlna. 
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Figure  1 


n.  cowcmstoE 

U  reete  un  travail  cooaldtrabla  1  falra  pour  raffloar  la  concept  ATS  da*  an'<«*a  2000.  On  volt  ntanaolna 
a'aa  prtclaer  lea  grande*  llgnea  : 

-  navigation  prdclac 

-  couplage  Itrolt  antra  l'avton  at  la  contrOle 

-  local laat Ion  prtclsa 

-  coanainlcatlona  autoaatlque*. 


La*  travaiu  da  recherche  at  d'aapdrlaantatlon  a'lntenaldant  dan*  toua  ca*  doaalnea.  II*  davront  Stra 
narqud*.  soua  palna  d'Schec,  par  una  concartation  lntenaa  antra  la*  avionneura,  lea  tqulpeaentler*,  lea 
axploltants  du  tranaport  at r lan  at  lea  raaponaable*  da*  tarvlcaa  du  contrOle  du  trade  atrlan. 


LES  PRINCIPES 


Las  prlnclpcs  esseatlels  devsat  gulder  Is  diveloppeaeat  «t  Sexploitation  du  systime  soot  les  sulvsnts 

1.  Conformity  1  la  rigleaentatlon  OACI 

2.  Continuity  at  sicurlti  das  operations. 

3.  Radondanca  approprlie  pour  la  Havlgatloa,  la  Surveillance  et  lea  Communications. 

4.  Equlllbre  das  reeponsabllltis  humalnea  (pllote  et  contrSleur)  en  allleu  automatlsi. 

5.  La  systime  dessert  l'ensaabla  de  l'espace  et  la  totality  du  traflc. 

6.  Utilisation  de  la  notion  de  specifications  de  performances  alnlaalea. 

7.  Decisions  basics  sur  l'analyse  coQt-ef flcaclci  et  1' appreciation  opiratlonnelle/technlque. 

8.  Fonctlons  de  geatloo  du  traflc  essentlelleaent  assuries  par  les  services  au  sol. 

9.  Aptitude  1  falre  face  aux  deaandea. 

10.  Equlllbre  entre  la  gestlon  dee  flots  de  traflc  et  les  fonctlons  ATC. 

11.  Evlter  la  segregation  de  l'espace. 

12.  Le  pllote  est  responaable  de  la  navigation  (sauf  guldage  radar). 

13.  Pas  de  rigles  de  prlorlti  systimatlque. 
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ABSTRACT 


Due  to  various  reasons  the  Interest  In  the  practical  use  of  GPS  hat  con¬ 
siderably  increased  during  the  last  tvo  years. '^The  test  phase  lhae  demon¬ 
strated  Its  outstanding  performance.  With  the  differential  method  the  rel¬ 
ative  accuracies  achieve  values  that  open  its  use  even  for  the  precision 
approach  of  a/c  landing.  The  development  of  new  techniques  C£llows^also4the 
3 - dlmens lonal  attitude  measurement  and  angular  rate  determination .  Diverse 
civilian  groups  will  use  GPS  In  the  future;  in  particular  motor  car  drivers, 
geodesists,  civil  engineers  etc.  This  review  paper  describes  the  present 
state  of  development  and  discusses  the  various  practical  applications.  ^ — 


KEYWORDS:  Global  Positioning  System,  CPS,  NAVSTAR,  navigation  receivers, 
positioning,  tracking,  attitude  and  velocity  measurement,  angular  rate  deter¬ 
mination,  differential  method,  radio  navigation. 


1.  INTRODUCTION 

The  NAVSTAR  GLOBAL  POSITIONING  SYSTEM  GPS  (NAVSTAR  -  NAVlgatlon  System  with 
Xlme  And  Banging)  Is  under  development  by  the  U.S.  Government.  It  is  managed 
by  the  U.S.  Air  Force  Space  Division,  but  will  be  used  by  many  other  organi¬ 
zations  as  well.  GPS  will  revolutionize  navigation.  This  technique  will  open 
many  new  fields  of  practical  application  In  the  military  area  as  well  as  in 
the  civilian  domain.  This  becomes  quite  obvious  considering  Its  capability  to 
provide  for  an  unlimited  number  of  users  worldwide  continuous  navigation  in¬ 
formation,  Independent  of  weather  conditions,  three  dimensionally,  In  one 
unified  coordinate  system  and  with  a  precision  much  better  than  any  other 
system  can  offer. 

For  civil  users  the  system  will  be  available  In  Standard  Positioning  Service 
(SPS).  Most  probably  this  service  will  be  of  an  accuracy  of  40  m  CEP  (CIRCU¬ 
LAR  ERROR  PROBABILITY)  which  is  equivalent  to  100  m,  95»  level  of  confidence 
(2d  RMS).  The  final  decision  of  the  DOD  regarding  an  Intentional  degradation 
of  the  performance  of  the  SPS,  which  uses  the  C/A-ranglng  code  (Coarse  and 
Acquisition  Code)  Is  not  yet  known,  or  has  not  even  been  made.  The  Precise 
Positioning  Service  (PPS)  with  the  P-code  (Precision  Code)  for  military  users 
will  offer  15  m  SEP  (SPHERI  CAL  ERROR  PROBABILITY),  0.1  m/s  rms  velocity 
accuracy  and  0.1  jis  timing  accuracy.  No  other  navigational  aid  has  comparable 
performances,  as  can  be  seen  from  table  1. 

If  It  Is  sufficient  to  determine  a  position  relative  to  a  neighbouring  one, 
the  performances  Improve  considerably.  Even  with  SPS  it  is  possible  In  the 
'Differential  Mode*  to  achieve  accuracies  which  are  sufficient  for  aircraft 
Instrument  landing.  Approximately  2  m  rms  error  horizontally  and  about  0.5  m 
vertically  can  be  expected.  Furthermore,  it  Is  possible  to  use  GPS-slgnals 
for  precise  three  dimensional  attitude  and  angular  velocity  measurements  as 
wall.  Thus,  the  system  can  deliver  the  three  dimensional  components  of  the 
position,  velocity,  attitude,  angular  rate  and  time.  This  means,  It  Is  the 
most  universal  navigational  system  with  superior  performance  compared  with 
other  existing  systems.  It  Is  obvious  why  the  DOD  policy  considers  GPS  its 
future  radio  navigation  system  and  Intends  to  terminate  the  operation  of  Its 
other  radio  navigation  systems  as  soon  as  GPS  Is  fully  operational  /l/. 

As  regards  the  time  schedule  the  deployment  of  the  operational  satellites 
should  have  started  already,  according  to  the  original  dates  given  in  table 

2.  A  delay  due  to  the  launcher  problems  can  be  foreseen.  However  the  final 
operational  capability  might  well  be  achieved  by  the  end  of  this  decsde 
beceuse  the  launch  of  the  18  operational  satellites  and  the  three  active 
spares  could  be  done  relatively  fast  considering  that  sets  of  3  satellites 
are  orbiting  In  the  same  plane  and  could  be  launched  as  triplets.  With  seven 
launches  the  complete  space  segment  would  be  available.  Presently,  we  can 
consider  the  system  to  be  still  In  the  test  and  evaluation  phase,  as  far  as 
the  segment  configuration  Is  concerned:  Seven  satellites  can  be  used  for 
navigation.  They  are  orbiting  In  2  planes  of  63  degrees  Inclination.  This 
present  orbit  configuration  Is  shown  In  fig.  1.  For  Brussels  the  visibility 
during  the  months  of  June/July  Is  demonstrated  in  fig.  2.  In  fig.  3  the 
ground  tracks  of  the  7  satellites  are  drawn  and  the  contour  line  of  the 
visibility  for  a  receiver  In  Belgium  Is  Indicated. 
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2.  SYSTEM  DESCRIPTION 

The  three  main  elements  of  the  GPS  are 

-  the  satellite  segment  (termed  NAVSTAR) , 

-  the  ground  control  segment,  and 

-  the  user  segment. 

The  NAVSTAR  satellites  are  equipped  with  atomic  clocks  and  L-band  trans¬ 
mitters  for  two  carrier  frequencies,  LI  -  1.57542  GHZ  (-154  x  10.23  MHz)  and 
L2  -  1.22760  GHz  (-120  x  10.23  MHz).  The  Llsignal  Is  QPSK-modulated  with 

-  the  pseudorandom  noise  sequence  ( PN - sequence )  for  the  C/A-code  with  a 
chlprate  of  1.023  MHz  and  1  msec  period, 

-  the  P-code  with  a  chlprate  of  10.23  MHz  and  a  period  of  267  days,  but  a 
restart  every  week,  and 

-  the  data  stream  for  the  Information  about  the  ephemerls,  the  time  correc¬ 
tion  and  the  satellite's  state. 

The  L2-signal  carries  the  Information  of  the  P-code  and  the  data  stream.  The 
C/A  code  Is  used  for  the  acquisition  phase  and  for  the  civilian  applications. 
The  L2-carrler  signal  and  Its  P-code  are  mainly  necessary  for  the  determina¬ 
tion  of  the  total  electron  content  of  the  ionosphere,  in  order  to  calculate 
the  propagation  delay  of  the  upper  atmosphere. 

All  PN-sequences  are  unique  and  almost  orthogonal  to  each  other.  In  this 
manner  the  signals  of  the  set  of  satellites  can  be  discriminated  from  each 
other,  although  they  are  transmitted  with  the  same  center - f requeue les  (Code 
multiplexing).  The  PN-codlng  can  be  used  for  measuring  the  time  delay  between 
transmission  of  the  signal  from  the  satellite  and  its  reception  at  the  user's 
receiver  by  means  of  correlation  techniques.  The  precision  is  a  function  of 
the  SNR  and  of  the  integration  time.  It  Is  normally  In  the  order  of  l/10th  to 
l/1000th  of  a  chip  length,  which  is  roughly  1  jtsec  for  the  C/A-code  and  0.1 
lisec  for  the  P-code.  The  corresponding  measurements  expressed  in  v/avelengths 
of  the  P-code  (  -  29.31  m) ,  and  of  the  C/A-code  (  -  293.1  m)  are  In  the  meter 
and  submeter  ranges  and  well  below  (for  the  static  cases  of  geodetic  applic¬ 
ations).  The  operational  control  segment  consists  of  a  master  control 
station,  three  ground  stations  and  two  monitor  stations.  It  monitors  the 
satellites  by  means  of  telemetry  and  telecommand,  determines  the  precise 
ephemerls  and  clock  errors  and  updates  the  corresponding  data  dissemination 
message  of  the  NAVSTARs .  The  user  segment  comprises  the  large  commun  ity  of 
military  and  civil  users.  Various  receivers  have  been  developed  and  more 
different  types  will  be  in  the  future,  to  meet  the  needs  of  the  "customers". 
Officially  4  types  of  receivers  have  been  developed  for  the  military  app¬ 
lication  during  phase  II,  namely 

-  MANPACK  version  for  0-6  m/s2  acceleration,  with  one  channel, 

-  LOW  DYNAMICS  version  for  6-25  m/s2  and  one  channel, 

-  MEDIUM  DYNAMICS  version  for  25-50  m/s2  with  two  channels,  and 

-  HIGHLY  DYNAMIC  version  for  more  than  50  m/s2  and  4  channels. 

The  number  of  channels  indicates  how  many  satellites  the  receiver  can  operate 
simultaneously.  If  the  number  of  channels  is  less  than  4,  then  the  signal 
reception  for  a  3 - dlmens lonal  tracking  requires  time  -  sequential  operation, 
which  causes  at  least  4  x  30  sec  for  one  position  determination.  This 
disadvantage  is  compensated  by  the  low  cost  of  the  one-channel  receiver  over 
a  four  channel  version.  As  a  compromise  various  time  -  multiplexing  receivers 
have  been  developed  or  are  under  development.  They  are  both  fast  and  cost 
effective.  Table  3  lists  some  examples  of  existing  types  of  receivers.  They 
are  suitable  for  position  and  -  in  most  cases  -  also  for  velocity  deter¬ 
mination.  None  of  them  is  used  yet  for  the  attitude  measurement.  They  are 
partly  designed  for  the  static  or  near  static  operation,  in  particular  those 
for  use  in  the  geodetic  community.  Such  receivers  apply  small  bandwldths  and 
can  achieve  accuracies  in  the  dm  level  and  well  below  by  long  term  inte¬ 
gration.  Various  other  types  of  receivers  will  appear  on  the  market  in  the 
near  future. 


2.1  POSITION  DETERMINATION 

The  final  orbit  configuration  of  18  NAVSTARs  is  shown  in  fig.  4.  There  are  6 
distinct  12  hour  orbits  (20.160  km  altitude)  with  inclinations  of  55  degrees 
to  the  equator  and  60  degreea  separation  to  each  other.  Each  orbit  contains  a 
set  of  3  satellites,  equally  spaced  120  degrees  from  each  other.  At  the  equa¬ 
tor,  the  satellite  of  one  plane  is  40  degrees  apart  from  the  neighbouring 
satellite  of  the  adjacent  plane;  fig.  5.  Because  of  its  *12  hourorblt",  the 
satellite  passes  over  the  same  points  of  the  earth  every  23  hr  55  min  56.6 
sec.  The  difference  to  the  24  hours  la  due  to  the  difference  betvaan  the 
solar  and  the  slderlal  day,  which  is  one  day  per  year,  as  is  wall  known. 
Thus,  a  satellite  appears  every  day  at  a  given  point  of  the  earth  4  min.  3.4 
sec  earlier  than  the  previous  one. 
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This  regular  configuration  of  the  18  satellites  guarantees  that  at  least  4 
satellites  are  "visible"  at  any  point  In  the  world  at  any  time.  Each  GPS 
satellite  contlnously  transmits  ranging  signals.  They  consist  of  ranging 
codes  of  "pseudorandom  noise  sequence"  ( PN - sequenc e )  type  and  of  data  provi¬ 
ding  satellite  ephemeris  and  clock  bias  information. 

The  basic  ranging  concept  is  shown  In  fig. 6.  Ue  assume,  that  4  satellites  are 
In  view  of  the  user.  Each  satellite  transmits  its  own  characteristic  PN-codes 
(C/A  and  P) .  The  satellite  clocks  are  synchronized  to  the  same  GPS-time.  They 
transmit  the  ranging  information  at  the  same  Instant,  according  to  their  own 
atomic  clocks.  The  transmitted  PN-sequence  of  each  satellite  is  known  as  a 
function  of  time  a  priori.  It  is,  therefore,  possible  for  the  receiver  to 
identify  the  various  signals  and  their  delays.  This  is  done  by  correlation 
methods  and  time  comparison.  The  time  of  arrival  of  the  beginning  of  the 
PN-code  is  measured  by  correlation  techniques. 


Of  course  very  precise  clocks  are  necessary  for  this  " one  -  way " ranging  method. 
An  uncertainty  of  1  microsec  would  already  reflect  in  a  300  m  range  un¬ 
certainty!  The  satellite  clocks  are  stable  enough,  as  they  are  cesium  clocks, 
which  will  be  monitored  from  ground.  Any  bias  in  a  satellite  clock  will  be 
indicated  in  the  disseminated  data  stream  mentioned  above.  On  ground,  the  re¬ 
quested  accuracy  of  the  receiver  clock  cannot  be  maintained  without  some 
additional  support.  It  is  for  this  reason,  that  ranging  to  3  satellites  is 
not  sufficient;  4  satellites  are  used  for  3 - dlmens ional  positioning  and  esti- 
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where  x,  y,  z  and  T  are  the  unknowns  of  the  user  position  and  clock  bias.  The 
xt ,  y  ,  zl  values  are  the  position  coordinates  of  the  1-th  satellite  at  the 
transmission  time.  The  values  are  the  so-called  pseudo- ranges .  As 
"measurement  values'  they  contain  the  actual  range  value  and  the  range  equi¬ 
valent  time  offset.  This  set  of  nonlinear  equations  can  be  linearized  under 
the  assumption  that  some  coarsely  estimated  values  xn  ,  yn  ,  zn  ,  T  (  n  - 
"nominal  values")  exist  a  priori.  The  difference  between  the  actual  and  the 
nominal  value  is  the  corrective  value 


x  -  xn  +  Ax  , 

y  “  +  by, 

z  -  zn  +  Az  , 

T  -  T  +  AT. 

n 

This  leads  to  the  following  equations: 


Rm+aRi  "  J  (J^+Ax-Xj  )z  +  (y„+Ay-y1  )2  +  (zn+Az-z(  )2  +  (Tn+AT).c 


If  we  ignore  the  second  order  terms  then  we  can  write 
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These  coefficients  are  the  cosines  of  the  angle  between  the  LOS  (line  of 
sight)  to  the  1-th  satellite  and  the  J - th  coordinate  and  are  symbolized  by 
atJ.  The  corresponding  matrix  is 
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Then  we  can  write  in  vector  form 
A*  x  -  r  x  -  A"  1  •  r 
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and  the  corresponding  vectors  are 
x  -  (4x  Ay  A z  CtAT)1 

r  -  (ARt  AR2  AR3  AR,  )t 

The  relationship  between  the  pseudo-  range  measurement  errors,  corresponding 
errors  in  the  user  position,  and  the  user  clock  bias  are  given  by  covariance 
matrices  : 

If 

r  -  A»x  +  n  ,  n  -  measurement  noise 

with  covariance  E  (n*nT)  -  a  J1 


then 


E  (r-r1)  -  A'1  E  (n-n1)  A" 1  -  o  *  (A’-A)'1 

the  diagonal  elements  of  (  AT*A  )‘l  are  weighting  factors  of  position  and 
time  error.  They  describe  the  Influence  of  the  geometry  to  the  actual  geome¬ 
tric  error: 
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-  POSITION  DILUTION  OF  PRECISION 
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PDOP  *  1  ar  -  1  SIGMA  ERROR  IN  THE  3  SPACE  COORDINATES 
-  HORIZONTAL  DILUTION  OF  PRECISION 
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HDOP  *  1  ar  -  1  SIGMA  ERROR  IN  THE  2  HORIZONTAL  COORDINATES 

-  VERTICAL  DILUTION  OF  PRECISION 
VDOP  -  J  att2 

VDOP  *  1  ot  -  1  SIGMA  ERROR  IN  THE  VERTICAL  COORDINATE 

-  TIME  DILUTION  OF  PRECISION 
TDOP  -  J  a.  2 


TDOP  *  1  <7c  -  1  SIGMA  ERROR  IN  THE  RANGE  EQUIVALENT  CLOCK  BIAS. 


We  can  interprete  these  factors  of  dilution  with  the  satellite  geometry.  In 
/3/  it  is  shown,  that  the  volume  V  of  a  tetrahedron  (fig.  7)  is  reciprocal  of 
the  value  of  PDOP. 


2.2  DILUTION  OF  PRECISION  AND  POSSIBLE  SYSTEM  IMPROVEMENTS 


The  instantaneous  configuration  of  the  GPS - s a t e 1 1 1 te s  relative  to  the 
position  of  the  user  is  of  considerable  influence  to  the  actual  accuracy  of 
the  point  fix.  This  is  well  known  from  the  navigation  tasks  of  terrestrial 
radio  navigation  systems,  where  the  angle  of  intersection  of  the  two  lines  of 
position  plays  a  similar  role;  fig.  8.  In  the  case  of  a  three-dimensional 
position  determination  with  the  additional  time  parameter,  one  can  dis¬ 
criminate  various  measurements  of  “dilution  of  precision",  as  shown  in 
chapter  2.1. These  values  are  represented  by  the  corresponding  traces  of  the 
covariance  matrices. 
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Fig.  9  show*  Che  CDOP  and  POOP  for  tha  final  GPS- satellite  configuration  for 
various  latitudes.  It  bacoaes  apparent  that  there  are  critical  dilutions  In 
particular  at  about  a  latitude  of  50* .  In  this  area  even  during  periods  of 
good  navigation  the  error  la  about  4  to  12  tlaes  larger  than  in  other  regions 
of  good  navigation.  72  areas  of  bad  performance  exist  on  earth  at  various 
tines,  four  of  then  are  very  serious  and  repeat  at  the  sane  location  twice  a 
day,  lasting  about  30  nlnutas. 

Various  methods  can  be  applied  to  overcome  this  problem,  which  stems  from  the 
fact  that  instead  of  the  originally  planned  24  satellite  GPS  -configuration 
only  an  18  satellite  system  will  be  realized. 

-  One  can  use  a  very  precise  clock  at  the  receiver:  Low  cost  compact  rubidium 
standards  are  now  on  the  market  which  can  avoid  a  considerable  amount  of 
the  degradation  caused  by  clock  Instability. 

-  It  is  also  possible  to  Integrate  GPS  with  other  navigational  aids. 

-  For  example  one  can  apply  the  GPS  -  navigation  to  the  horizontal  coordinates 
and  make  use  of  other  navigational  tools  for  the  vertical  component. 

-  One  could  complement  the  GPS  configuration  with  a  few  geosynchronous  satel¬ 
lites,  which  could  also  be  of  benefit  for  telecommunication. 


2.3  IMPROVEMENT  BY  DIFFERENTIAL  TECHNIQUES 

The  GPS-error  budget  for  absolute  positioning  la  given  In  table  4  for  both 
cases;  SPS  with  the  C/A  code  and  PPS  with  the  P-code  for  actual  positioning 
and  ionospheric  correction  with  the  two  carrier  frequencies  LI  and  L2 . 

The  budget  shows,  that  in  particular,  three  error  sources  are  dominant:  The 
errors  of  the  ephemerldes,  of  the  clock  and  -  In  the  SPS  case  -  the  Iono¬ 
sphere.  In  addition.  It  Is  important  to  acknowledge  that  dilution  errors  will 
occur  as  a  function  of  tha  position  of  the  user  and  time.  This  latter  point 

will  be  discussed  in  the  next  chapter  where  we  consider  the  other  error 

sources  and  the  possibility  to  reduce  their  contributions  to  the  overall 
position  accuracy.  This  can  be  effected  In  two  different  ways: 

-  One  can  reduce  the  Individual  errors.  The  orbital  tracking  and  the  GPS-time 
will  be  improved  In  their  accuracies  within  the  first  years  of  operation. 
Various  precise  tracking  schemes  and  time  transfer  methods  are  under 
development  and  test,  which  can  lead  to  error  reduction  by  a  factor  5  or 
even  better. 

-  The  other  way,  which  la  being  practiced  is  the  differential  method. 

This  improvement  addresses  to  relative  measurements.  It  compares  the  satel¬ 
lite  positioning  results  of  two  locations,  one  of  which  Is  fixed  and  well 

known  in  Its  coordinates,  the  other  one  Is  unknown.  The  known  location  serves 

as  the  reference,  the  other  one  is  the  user's  position,  static  or  dynamic. 

The  basic  principle  Is  shown  In  fig.  10  for  the  simplest  case.  One  of  the 
receivers  Is  located  In  the  user's  vehicle,  the  other  at  a  surveyed  place; 
for  example  close  to  the  runway.  This  reference  receiver  measures  the 
pseudo  -  ranges  to  the  GPS - sa t e 1 1 1 te s  . 

These  measurement  results  are  compared  with  the  nominal  calculated  distances. 
The  deviations  define  the  corrections  to  be  made  due  to  satellite  ranging 
measurements.  Although  they  are  only  the  exact  values  for  the  reference 
point,  one  can  assume  that  they  are  also  a  very  good  approximation  correcting 
the  actual  measurement  of  the  other  receiver,  provided  that  It  Is  not  very 
far  from  the  reference  point. 

Two  requirements  must  be  fulfilled  and  three  methods  are  possible.  As  regards 
the  requirements.  It  Is  necesaary  that  at  the  reference  as  well  as  at  the 
user  point  a  similar  GPS-recelver  Is  Installed.  In  addition,  there  must  be  a 
possibility  to  transmit  the  corrective  information,  for  example  by  means  of  a 
microwave  data  link  from  the  reference  point  to  the  iser  point. 

We  can  discriminate  between  the  three  following  methods: 

-  At  the  reference  point,  only  the  3  coordinate  corrections  for  x.y.z  are 
determined  and  are  aent  to  the  uaer.  He  ahould  apply  them  to  his  own 
positioning  results.  If  the  user  Is  close  to  the  reference  point,  one  can 
assume  that  the  selected  CPSsatellltes  are  the  same  for  both  positions  and 
that  the  biases  are  also  approximately  the  same. 

-  In  the  second  case,  all  pseudo-range  data  for  a  given  set  of  4  satellites 
Is  measured  et  the  reference  point.  The  information,  Including  the  Identi¬ 
fication  of  the  satellites,  Is  transmitted  to  the  user.  The  user  should 
apply  the  same  set  of  NAVSTARa  and  can  be  sure  that  ha  can  compensate,  to  a 
very  large  extent,  the  bias  errors.  The  Improvement  will  be  better  than  in 
the  first  case. 
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In  che  third  case  Che  receiver  eC  Che  reference  polnc  will  noc  Jusc  selecc 
the  Boat  advantageous  sec  of  four  satellites,  but  will  apply  all  visible 
ones  and  will  send  the  proper  corrective  velues  to  the  user,  who  can  then 
also  Bake  benefit  of  the  total  lnforaatlon. 

If  an  aircraft  should  land  on  a  runway,  where  close  to  the  touchdown  point 
such  a  receiver  is  located,  one  should  cone  to  accuracies  at  the  touch  down 
point,  which  are  alaost  exactly  the  correct  values.  At  the  aost,  a  few  aeters 
of  randoa  errors  Bight  reaaln;  the  bias  aight  disappear  coapletely. 

This  aethod  can  be  used  for  areas  of  a  few  tens  of  klloaeters  In  disaster. 
The  larger  the  distance,  the  aaaller  the  correlation  of  the  propegetlon 
effects  for  two  positions.  In  gensral,  one  can  aasuse  that  even  for  areas  of 
one  or  two  hundred  klloaeters  radius,  the  laproveaent  of  the  overall  accuracy 
is  reaarkable.  For  SPS  one  could  achieve  precisions,  which  are  of  e  few 
aeters . 

For  very  precise  aeasureaents ,  for  exaaple  in  the  doaain  of  geodetic  applica¬ 
tions,  one  could  apply  4  receivers  at  four  wellknown  positions  within  a 
square  of  soae  hundred  klloaeters  width  for  exaaple.  One  could  then  deteraine 
the  satellites'  epheaerides  and  their  tlae  uncertainties  extrenely  precise 
and  use  this  corrective  data  within  the  square  to  deteraine  other,  unknown 
coordinates  with  a  fifth  receiver  extrenely  accurate. 


2.4  VELOCITY  DETERMINATION 

The  velocity  of  the  user  with  respect  to  NAVSTAR  is  deteralned  by  the  range 
difference  per  tine  interval.  Instead,  one  can  also  measure  the  range  rate  by 
aeans  of  the  Doppler  frequency  shift. 

There  is  soae  difference  in  the  results  of  the  pseudo-range  vs.  Doppler 
aeasureaents,  if  the  ionospheric  delay  is  significant,  because  of  the 
frequency  dispersive  character  of  the  plasna.  The  phase  velocity  v  for  the 
Doppler  effect  is  larger  than  the  vacuun  light  velocity  c,  whereas  the  group 
velocity  of  the  ranging  differences  is  deteralned  by  the  group  velocity  v  , 
which  is  lower  than  c.  The  product  v(Vf  is  equal  to  c 

With  the  two  frequencies  LI,  L2 ,  it  is  possible  to  determine  the  total  elec¬ 
tron  content  TEC  and  to  correct  for  the  deviations  of  these  velocities.  It  is 
also  possible  to  correct  the  phase  velocity  directly,  if  the  two  carrier 
frequencies  and  their  Doppler  effects  are  received  and  properly  processed. 


3.  PRESENT  STATE  OF  GPS -RECEIVER  TECHNIQUES 
3.1  TYPES  OF  USERS 

The  original  intention  of  DOD  was  directed  towards  the  development  of  re¬ 
ceivers  for  military  application.  Meanwhile,  many  other  civil  applications 
and  receiver  types  are  also  becoming  of  great  Interest: 

-  Receivers  for  aotor-cars  aight  share  the  largest  portion  of  the  whole 
market.  One  can  imagine  that  the  Billions  of  cars  being  produced  yearly  can 
lead  to  a  mass  fabrication  of  Integrated  GPS  -  receiver s ,  which  cost  only  500 
to  1000  Dollsrs.  This  presumes  of  course  a  receiver  concept  with  a  simple 
frequency  conversion  technique,  early  digitization,  channel  multiplexing 
and  pP-  VLSI  -  technique . 

-  Reduction  of  costs,  voluae,  power  and  aass  also  offers  new  applications  in 
civil  engineering,  civil  air,  land  and  sea  transportation. 

-  The  geodetic  application  of  the  GPS  -  technique  will  revolutionize  this 
discipline  and  its  work.  The  accuracies  in  the  range  being  in  da,  ca  and 
subca  region  for  baseline  aeasureaents  with  differencial  aethods,  allow  to 
operate  efficiently,  without  need  for  line  of  sight  conditions  between  the 
besellne  points.  This  Bakes  the  surveying  technique  fast,  computer  com¬ 
patible  and  relatively  economical. 

In  aost  cases  the  C/A-code  receivers  will  be  sufficient.  In  geodynaalc 
applications,  where  over  large  distances  precise  aeasureaents  are  needed, 
one  aust  have  LI-  and  L2  frequency  receivers  to  take  into  account  the 
ionospheric  delay.  In  addition  various  difference  aethods  aust  then  be 
applied  to  ellainate  the  influences  of  biases;  fig.  11.  Most  of  the  geode¬ 
tic  aeasureaents  are  based  on  carrier  beat  phase  aeasureaents.  Soae  of  the 
receivers  operate  with  the  knowledge  of  only  the  C/A  code  or  ere  fully 
independent  of  the  code  lnforaatlon.  These  *codeless”  receivers  apply  the 
phase  aeasureaents  of  the  various  clocks  and  carriers;  table  5.  In  this 
Banner  it  is  assured,  that  GPS  can  be  used  for  geodetic  applications,  even 
if  the  DOD  decides  to  restrict  the  use  of  GPS  by  aore  intensive  use  of 
encryption  and  aessage  degradation. 
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3.2  CLASSIFICATION  OF  GPS  -  RECEIVERS 

The  classification  of  the  receivers  can  be  done  In  various  vays,  naaely  vith 
regards  to  the 

-  types  of  detected  signals 

-  types  of  techniques,  and 

-  technology  applied. 

3.2.1  CHARACTERIZATION  BY  THE  DETECTED  SIGNALS 

In  order  to  understand  this  classification,  let's  first  consider  the  trans¬ 
mitted  signal.  In  fig.  12  one  can  see  that  each  satellite  contains  6  navi¬ 
gational  signal  sources,  naaely  the 

-  carrier  with  frequency  LI, 

-  carrier  with  frequency  L2 , 

-  C/A  ranging  code  aodulated  on  carrier  LI, 

-  P  ranging  code  aodulated  on  carrier  LI, 

-  P  ranging  code  aodulated  on  carrier  L2 . 

-  data  (navigation  inforaation) 

In  addition,  the  message  about  the  NAVSTAR  type,  the  ephemerides,  Che  time 
bias,  etc.  is  modulated  onto  the  LI  as  well  as  onto  the  L2  carrier. 

In  principle,  one  needs  N  sets  of  correlators,  if  one  wants  to  receive  the 
signals  of  up  to  N  NAVSTARs  simultaneously.  As  mentioned  above,  N  -  4  is  the 
minimum  number  for  the  Chreediaens ional  case.  For  economic  reasons,  one  can 
also  operate  with  less  than  N  sets  of  correlators,  one  set  being  the  mlniaun. 
However  in  this  cases  the  signals  must  be  either  received  in  time  sequencing, 
i.e.  one  after  the  other,  each  one  for  a  period  of  a  complete  measurement 
procedure,  or  one  can  apply  the  time  multiplexing  technique,  where  only  for 
very  short  time  slots  samples  are  taken  from  each  satellite  signal  and  the 
signal  processing  is  performed  in  parallel  and  is  finished  for  each  signal 
just  before  a  next  sample  is  taken. 

The  basis  processing  on  board  can  be  described  by  the  equations  and  the  block 
diagram  of  fig.  12.  The  ranging  codes  are  typical  PN-codes,  characterizing 
the  individual  satellite.  If  they  are  known  a  priori  to  the  user,  then  it  is 
possible  to  generate  a  replica  in  the  receiver  and  to  correlate  it  with  the 
noisy  received  signal.  By  aligning  the  local  code  replica  to  the  incoming 
signal,  one  can  achieve  a  correlation  peak.  It  indicates  both  the  existence 
of  this  PN-code  in  the  received  signal  and  the  accurate  synchronization  of 
the  received  signal  with  the  internal  generated  replica.  The  internal  PN-code 
allows  the  measurement  of  the  precise  propagation  delay,  i.e.  the  pseudorange 
equivalent  time  delay.  Thus,  the  receivers  task  is  the  detection  of  the 
NAVSTAR  signals  by  inversion  of  the  procedures  of  fig.  13  and  to  determine 
the  time  delay  by  proper  alignment.  Depending  on  the  type  of  receiver,  this 
is  done  for  C/A-code,  or  C/A-  plus  P-code  etc. 

For  simplification,  the  procedure  is  shown  only  for  one  carrier  frequency  and 
for  the  C/A  •  code  in  fig.  14.  This  block  diagram  is,  therefore,  valid  for 
the  SPS  -  receiver.  For  the  PPS  receiver  the  procedures  must  be  extended  to 
the  P  -  codes. 

Thus,  we  have  assumed  that  the  PN-sequences  are  known  to  the  user.  As 
mentioned  above,  it  is  not  possible  for  the  civilian  user  to  apply  the 
encrypted  PPS  information.  Tharsfore,  the  scientists  looked  into  the  possible 
use  of  the  system  by  developing  "codeless  receivers*.  This  is  Justified  for 
the  geodesists  because  for  some  of  their  applications  it  is  not  sufficient  to 
epply  the  orbital  information,  which  is  disseminated  via  the  satellites.  They 
need  more  precise  data.  In  order  to  acquire  it,  they  can  measure  the  actual 
satellite  position  as  a  function  of  time  by  the  evaluation  of  the  satellite 
signals  received  at  4  very  precisely  known  positions  by  means  of  phase 
sensitive  receivers.  With  this  information  and  with  a  good  estimation  (a 
priori  knowledge)  regarding  the  position  of  the  points  to  be  meesured,  it  is 
possible  to  use  Just  the  phase  information  of  the  various  signals,  in  order 
to  extract  unambiguously  the  exact . coordinate  values  for  points  in  question 
by  means  of  a  fifth  receiver. 

There  ere  three  types  of  codeless  receivers: 

-  The  simplest  form  is  the  ’squaring  receiver*.  Here,  the  received  signal  is 
squared  and  the  carrier  signal  and  its  Doppler  shift  information  can  be 
detected;  fig. IS.  The  system  can  operate  similar  to  the  TRANSIT 
receivers . 

-  The  *delay-and-multiply  receiver*  can  detact  the  fundamental  (clock-) 
frequencies  of  the  PN-codes.  By  measuring  the  phaae  shifts,  one  can  achieve 
the  same  accuracies  as  In  the  correlation  process,  however  It  requires  more 
time  to  compensate  the  Increased  noise  Influence.  Vlth  combination  of  the 
squaring  procedure  and  the  delay  and  multiply  technique,  it  is  possible  to 
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■•■sure  with  two  receivers  the  length  of  a  baseline  to  fractions  of  a 
carrier  -  wavelength,  i.e.  2/100  to  1/1000  of  19  ca.  One  can  achieve  values 
of  ca  and  sub  -  ca  accuracies  In  this  Banner. 

The  "VLSI  -  type  of  receiver*  Ignores  any  a  priori  knowledge  of  the  signal 
structure  of  the  GPS  and  applies  the  aathoda  In  use  by  the  radio  astrono- 
aers  to  track  radio  stars.  This  technique  is,  of  course,  unnecessarily  ex¬ 
pensive,  but  operates  successfully. 


3.2.2  CARRIER  PHASE  RANGING 


It  should  be  emphasized,  that  for  geodetlc/statlc  application  the  phase  ln- 
foraation  of  the  carrier  Is  used  for  the  precise  ranging.  If  one  aesuaes,  as 
aentloned  above,  Chat  the  ranging  resolution  Is  proportional  to  the  wave¬ 
length  and  aaounts  to  approxlaately ■ 1/20  to  1/1000,  then  It  becoaes  obvious 
that  values  of  ca  can  be  achieved.  The  problea  of  aablgulty  due  to  carrier 
wavelength  (A  -  19  ca)  aust  however  be  solved.  Recently,  carrier  phase  posi¬ 
tioning  for  taxing  and  flying  was  deaonstrated  by  G.L.  Nader  /6/.  The  accura¬ 
cies  achieved  were  In  the  order  of  5  ca. 


3.2.3  RECEIVER  TECHNIQUES 

There  are  two  different  types  of  techniques  In  use: 

-  The  analog  systeas,  and 

-  the  digital  systeas. 

The  original  correlation  receivers  were  based  on  analog  techniques.  The  basic 
concept  Is  shown  In  fig.  16.  After  preaapl 1 f lea t Ion  and  filtering,  the  signal 
is  transposed  Into  a  first  and  second  IF.  Then  the  signal  Is  correlated  by 
the  C/A-code  ( PNdespreading  ).  The  carrier  Is  reconstituted  by  aeans  of  a 
COSTAS  LOOP  and  finally  the  aessage  is  deaodulated.  In  parallel  to  the  de¬ 
spreading  of  the  C/A-code,  the  saae  procedure  can  be  done  •  with  10  tines 
higher  chlprate  -  for  the  P-code. 

Due  to  the  weak  signal  level,  It  Is  necessary  to  aapllfy  the  input  signal  by 
about  140  dB.  The  despreading  allows  to  narrow  the  signal  bandwidth  to  a  few 
kHz  afterwards.  In  order  to  laprove  the  S/N  factor.  For  static  applications 
the  final  ranging  loop  bandwidth  can  be  In  the  order  of  one  Hz  or  less. 

Due  to  the  advances  In  the  IC - techniques ,  It  Is  beconlng  aore  and  aore  conaon 
to  apply  digital  techniques  for  aost  of  the  functions  of  the  GPS  -  rece lver . 
The  basic  concept  Is  shown  In  fig.  17.  Various  concepts  are  possible.  They 
all  try  to  down  •  convert  the  alcrowave  Input  signal  as  soon  as  possible,  In 
order  to  be  able  to  convert  then  lnaedlately  co  the  digital  representation. 
Various  A/D  conversion  concepts  are  possible.  One,  two  and  aore  bits  per 
saaple  are  In  use.  As  regards  the  down  -  conversion,  either  the  zero  frequen¬ 
cy  or  a  low  IF-frequency  Is  feasible. 

Most  of  the  receivers  apply  t lae - aul t lplexlng ,  In  order  to  receive  the 
signals  froa  aany  satellites  with  relatively  aodest  expense  and  without  any 
delay.  The  saapllng  rate  aust  be  20  asec  /N ,  If  N  satellites  should  be  re¬ 
ceived  .  This  allows  to  pick  up  froa  any  channel  every  aessage  bit,  as  the 
bltrate  of  the  aessage  Is  SO  Hz.  The  N  -  channels  can  then  be  processed  In 
parallel  without  loss  of  lnforaatlon.  Only  the  S/N  •  ratio  decreases  by  the 
factor  of  N.  Thus,  aultlplexlng  coablnes  aost  of  the  advantages  of  parallel 
receivers,  but  Is  alaost  of  the  cost  of  a  one  •  channel  receiver. 


3.3  ADVANCES  IN  TECHNOLOGY 

The  advances  in  the  receiver  technology  are  very  reaarkable.  He  want  to  show 

this  only  by  aeans  of  a  few  exaaples: 

-  TRIMBLE -Model  400  1/4  offers  an  ATR  ARINC  short  aodule  (7  x  12  x  2.25  Inch 
)  for  25  a  position  accuracy,  0.1  m/%  velocity  deterainatlon ,  which  should 
be  able  to  saaple  sequentially  4  satellites.  Without  a  control  head,  this 
equlpaent  shall  cost  4.000  Dollars/unlt  in  excess  of  1000  units  and  shall 
daaonstrate  that  technology  Is  already  presently  available,  which  could 
lead  to  low  cost  units  of  the  order  of  1.000  Dollars  apiece  In  Base  produc¬ 
tion. 

-  COLLINS  ROCKWELL  has  received  a  contract  for  the  developaent  of  a  pocket 

sized  receiver,  called  SUNS  (  Saall  Unit  Navigation  Systea  ),  which  can  de- 
aonatrate  the  possibility  to  produce  very  tiny  lnstruaents  for  a  wide  rants 
of  users.  * 
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Almost  All  important  motor  cor  coapanltt  art  About  to  support  developments 
for  navigational  ayataia  to  ba  used  Ilka  radio  sata  In  tha  futura .  It  la  to 
ba  axpactad,  that  aaaa  production  Involvad  will  considerably  drlva  tha 
whola  navigational  lnatrunantal  world. 


4.  GPS  APPLICATION  TO  ORIENTATION  MEASUREMENTS 


In  aoat  caaaa,  GPS - racalvara  ara  uaad  for  poaltlonlng  and  valoclty  dataralna 
tlon.  Another  vary  Intareating  application  la  lta  uaa  for  angle  dataralna 
tlon . 


Tha  baalc  principle  la  quite  alapla  and  la  baaed  on  tha  lnterf aroaatar  tech- 
nlquaa  aa  ahown  In  fig.  18.  Here  wa  aaauaa  that  tha  baaellne  b  la  vary  aaall 
In  coaparlaon  with  the  dlatance  R  to  tha  aatelllte.  Tha  two  llnea  of  eight 
froa  the  antennae  are  In  good  approxiaatlon  parallel  to  each  other.  Therefo¬ 
re,  wa  can  aaauaa  the  range  difference  to  ba 

AR  -  b  •  ain  4 

2*  •  AR  b  •  2» 

A 4  - - - -  ain  4 


Aa  long  aa  tha  baaellne  la  approxlaately  normal  to  the  line-  of  -  sight  to 
the  satellite,  it  la  posaible  to  achieve  good  angular  definition.  More  pre¬ 
cisely,  It  means  that  the  angle  can  be  measured  aa  a  function  of  the  phase 
difference.  Ue  have  seen  above  that  the  wavelength  LI  Is  19,029  cm  (of  L2  It 
Is  24,421  cm).  If  tha  phasa  dlfferanca  of  the  signals  of  both  antennas  can  be 
determined  to  about  1  degree  accuracy,  then  this  means  roughly  19/360  -  0.05 
cm  ,  l.a.  half  a  mm.  With  a  baseline  of  5  m  one  can  then  achieve  a  resolution 
of  0.0001  rad,  for  25  m  one  fifth  of  this  value.  The  influence  of  the  satel¬ 
lite's  position  accuracy  Is  very  modest,  as  can  be  seen  from  fig.  19. 

Thera  are  many  applications  of  the  angular  Information.  In  an  aircraft  the 
heading  information  can  be  gained  with  relatively  small  baselines.  Ships  can 
use  the  thrle  dimensional  orientation  for  heading  and  for  measurement  of  the 
pitch,  yaw  and  roll  variations,  which  la  Important,  for  example,  for  sea  sur¬ 
face  sounding  etc.  For  geodesy,  artillery  alignment,  for  plate  tectonic  moni¬ 
toring,  for  civil  engineering  tunnel  planning  and  the  like,  the  extremely 
high  attitude  measurement  accuracy  (fractions  of  an  arc  sec  over  baselines  of 
several  kilometers)  will  become  Increasingly  Important. 

These  extremely  high  values  are,  of  course,  only  achievable  In  the  static 
case.  or  can  be  calculated  a  posteriori  In  smooth  flight,  for  example  for 
photogrammetrlcal  work  (recording  of  direction  and  attitude  of  flight  Infor¬ 
mation).  However  even  a  resolution  of  some  fractions  of  a  degree  might  be  of 
Interest  for  cases.  where  nowadays  a  compass,  a  gyro  or  an  INS  Is  used.  The 
importance  la  two-fold:  Tha  GPS  -  technique  can  be  applied  globally,  over  the 
poles  as  well  as  In  areas  of  large  magnetic  deviations.  Very  Important  may 
become  a  new  Integrated  navigational  system  approach.  The  possibility  of  up¬ 
dating  with  threedlmens ional  Information  the  position,  attitude,  velocity, 
angular  velocity  and  In  addition  the  time  Information  allows  to  simplify  the 
classical  Instrumentation.  The  simplified  Instrumentation  may,  however,  also 
help  the  GPS  -  technique  to  bridge  problems  of  shadowing  effects,  multipath, 
jamming  etc.  Also  extremely  high  acceleration,  which  can  cause  tracking  lag, 
can  be  avoided.  It  la,  therefore,  of  particular  Interest  for  military  appli¬ 
cations  to  look  Into  new  concepts  of  Integrated  systems. 


5  CONCLUSIONS 

GPS  will  become  a  universally  applicable  navigational  aid,  which  can  Improve 
any  of  the  existing  systems  and  can  In  many  caaea  replace  them.  New  "user 
groups*  are  envisaged  at  the  military  as  well  as  the  civil  side. 

GPS  la  considered  an  extremely  Important  step  towards  better  navigation  and 
Improvement  of  transportation,  earth  science  and  civil  engineering.  There  are 
new  poes tbl 1 1 1  lea  for  further  Improvement  of  the  GPS  performance  and  accuracy 
by  geostationary  supplementary  talacommunlcstlon/navlgatlon  satellites  and  by 
aupport  of  the  GPS  -  receivers  with  simplified  conventional  navigational  tools. 
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Figure  1  :  Present  satellite  orbit  configuration 
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Figure  19  :  Influence  of  Satellite  Position  to  Orien¬ 
tation  Measurements 


SYSTEM 

POSITION 

ACCURACY 

VELOCITY  ACCURACY 

RANGE  OF  OPERATION 

OMEGA 

2.20  km, 

CEP  2 -dim. 

- 

almost  worldwide 

LORAN-C 

0 .  IS  km. 

CEP  2 -dim. 

- 

regional  10%  of  world 

TACAN 

0.40  km, 

CEP  1* 

- 

line  of  sight 

ILS 

5  -  10  m, 

0.5- 

- 

line  of  sight 

DECCA 

0.20  km. 

CEP 

- 

regional  less  than  10% 

INS 

1.50  km. 

after  1st  hour 

0.8  m/s 
after  2  hours 

near  global 

GPS/P 

16  m,  CEP  3-dim. 

0.1  m/s 

worldwide 

GPS/CA 

40  m  CEP 

0.5  m/s 

worldwide 

Table  is  Some  comparisons  for  positioning  systems 


GPS  PROGHAMM  SCHEDULE 


ri97'31 1974 ' 1975 ' 1976 ' 1977 ' 1978 ' 1979 ' 1980 ' 1981  ‘  1982  '  1983 ' 1984 ' 1985 ' 1986 ' 198. 


PHASE  I: 

CONCEPT  VALIDATION  PROGRAM 


PHASE  II:  FULL 
SCALE  DEVELOPMENT 
AND  SYSTEM  TEST 


PHASE  III:  FULL 
OPERATIONAL  CAPABILITY 


PROTOTYPE  SATELLITE 
DEVELOPMENT 


OPERATIONAL  SATELLITE 
DEVELOPMENT 


LAUNCH  OF  PROTOTYPE 

SATELLITES 


7  OPERAT.  ??  ? 

SATELLITES  ??  ? 


TABLE  2  :  TIME  SCHEDULE  OF  GPS 
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RECK  I VKR 

DES IGNATION 

MEAS  . 

CODES 

CH. 

FREQ  11. 

REMARK 

JPL  SERIES/SEHIES  X 

geod . / geoph . 

PH  ,  R 

CR  i  P 

6 

1. 1  ,  1.2 

hyb  r  i  d 

STANFORD  TELEC.  INC. 

t.irae/civi  1 

PH  ,  R 

C  ^  P 

1 

I,  t  ,  1,2 

ana  1  <>g 

COLLINS 

m  i  1  L  t  . 

R 

C  ►  P 

4 

I.  1  ,  1.2 

an / d  i  g 

TEXAS  INSTR.  TI4100 

civ i 1/geo  d. 

PH  ,  R 

C  ^  P 

4 

1. 1  ,  1,2 

d i g/MX 

TRIMBLE  4000A 

civil 

R  ,  AH 

c 

1 

1. 1 

d i g/MX 

5000  A 

t i me/ f  requ . 

R 

c 

1 

LI 

MAGNAVOX  X- SET 

mi  1  i  t  . 

II 

C  +  V 

4 

1. 1  ,  1  2 

T-  SET 

civil 

R 

c 

1 

1.1 

SERCEL  TR5S 

civil 

PH  ,  R 

c 

5 

1. 1 

ana  1  og 

ALLEN  OSBORNE  TTR  5 

t irae/pos . 

R 

c 

1 

LI 

POLYTECHNIC  XR1 

time/geod. 

R 

c 

1 

1.1 

WILD/MAGNAVOX  WM  101 

geod . 

R  ,  PH 

c 

4 

1, 1  ,  L2 

an/d  i  g 

JAPANES  RADIO  Co 

c  i  v  i  1 

R 

c 

1 

1.1 

dig/MX 

JLR  4000 

SONY  GPS  RECEIVER 

t i me/ nav . 

R 

c 

LI 

LITTON  AERO  PROD. 

c:  i  v  i  l 

R  ,  PH 

c 

1 

Li 

dig/MX 

LGSS 

COLLINS  SUNS  * 

m  i  1  i  t . 

R 

c 

1 

1. 1 

pocket 

s  i  zed 

COLLINS  NAV.  TMI 

R 

C 

1 

1.1 

an/di g 

INTERSTATE  EL. 

civil 

R 

C 

1.1 

ASTROLABE  II 

CANADIAN  MARCONI 

civil 

R  ,  D 

c 

1,1 

CMA  782 

S  E  L 

prototype 

R 

c 

1 

LI 

dig/MX 

PRAKLA  SEISMOS 

prototype 

R 

c 

1 

LI 

d i g/MX 

*  under  development  for  Marine  Corps 

1.1  1.515426  GHz,  1,2  1.2276  GHz 

Table  3  MX  Multiplex 


ERROR  SOURCE 

ABSOL.  POS. 

HKLAT.  POS. 

EPHEMEH I ES 

3.5  M 

0 

SATELLITE  CLOCK 

BIAS 

1 .5  M 

0 

RANDOM 

0.7  M 

0. 7  M 

IONOSPHERE 

4. 0  M 

0 

TROPOSPHERE 

0. 5  M 

0.5  M 

MU  I,T  1  PATH 

1 . 0  M 

1 . 0  M 

HKCE 1 VKR 

6.0  M 

6 . 0  M 

REFERENCE  POINT 

0 

<  2  M 

Table  4:  KRHOR  BUDGET  FOR  CONVENTIONAL  C/A  CODE  RECEIVER 
AND  DIFFERENTIAL  MODE 


MANUFACTURER 

INSTRUMENT 

MEAS. 

ACC. 

CODES 

FREQ. 

MACROMETER  INC. 

MACROMETKH 

V-1000 

PH 

1  5  CM 

1.1 

JPL 

SERIES-X 

PH 

1  2  CM 

LI  ,  L2 

ISTAC  INC. 

ISTAC  SERIES 

PH 

2  5  CM 

L  1  ,  L2 

REMARK 

260000$ 

RESEARCH 


Table  5: 


CODELKSS  RECEIVERS  applying  phaBe  measurement  of  various  clock, 
and  carriers  __ 


INERTIE-GPS  :  UN  MARIAGE  DE  RAISON  ...  A  L'ESSAI 


par 


P.  LLORET  et  B.  CAPIT 
SAGEM,  Departement  Aeronautique 
6,  Avenue  d'lena 
75  783  Paris  Cedex  16 


INTRODUCTION 


Depuis  vingt  ans  environ  (un  peu  plus  pour  les  applications  militaires,  un  peu  moin3 
pour  les  applications  civiles)  ,  la  navigation  inertielle  a  trouve  place  a  bord  des 
aeronefs  de  tous  types:  combat,  transport,  reconnaissance,  patrouille  maritime  etc.  II 
y  a  done  vingt  ans  et  plus  que  les  societes  specialisees  dans  la  navigation  inertielle 
se  trouvent  confrontees  au  probleme  suivant:  comment  tirer  le  meilleur  parti  des  aides 
radio-electriques  a  la  navigation,  pour  "augmenter"  si  necessaire  les  performances  de 
la  navigation  inertielle  pure.  En  d'autres  termes,  comment  "hybrider"  au  mieux  les 
centrales  inertielles  avec  les  aides  radio-electriques  existantes  ? 


Cette  question  connait  un  regain  d'actualite  chaque  foi3  qu'un  nouveau  type  d'aide 
radio-electrique  est  mis  en  service ,  c \ est  a  dire  tous  les  7  a  10  ans,  au  cours  des  20 
a  25  annees  passees:  nous  nous  referons  aux  cas  de  la  navigation  par  satellites 
Transit,  puis  par  emissions  tres  basses  frequences  OMEGA,  enfin  par  satellites  NAVSTAR 
(1).  Si,  a  ces  moyens  "nouveaux",  on  ajoute  les  moyens  plus  classiques  tels  que 
VOR/DME,  TACAN,  LORAN  C,  voire  ILS  pour  la  phase  approehe,  cela  fait  toute  une  panoplie 
d'aides  radio-electriques  dont  il  est  maintenant  possible  de  dire  comment  elles  se 
marient  avec  la  navigation  inertielle.  Et  grace  a  cette  experience  pa33ee,  il  est 
peut-etre  possible  de  mieux  apprecier  ce  que  pourra  apporter  le  GPS. 


Le  GPS,  en  1986,  est  justement  a  mi-parcours  de  sa  "montee  en  puissance".  Les  donnees 
experimentales ,  moyennant  des  extrapolations  raisonnables ,  sont  maintenant  suffisante3 
pour  qu'on  puisse  predire  s'il  fera  bon  menage  avec  la  navigation  inertielle.  Le 
pronostic,  en  ce  qui  nous  concerne,  est  bon.  Meilleur  en  tout  cas  qu'il  ne  fut  pour  le 
VOR,  l'OMEGA,  ou  meme  1'ILS.  Ce  qui  n'exclut  pas  un  certain  nombre  de  problemes  que 
nou3  avons  recenses  dans  cet  article.  En  d'autres  termes,  l'inertie  et  le  GPS  semblent 
former  le  couple  le  mieux  assorti  que  l'on  ait  vu  depuis  longtemps.  Mais  des 
differences  d'humeur  subsistent. 


(  1 )  On  peut  ajouter  a  cette  liste  un  moyen  radioelectrique  tres  particulier  de 
positionnement  geographique :  le  radio-altimetre  utilise  con jointement  avec  une  carte 
d'altitude3  nujnerisees  de  terrains  et  avec  la  navigation  inertielle,  dans  la  technique 
dite  de  "correlation  d'altitude"  ("terrain  contour  matching").  Pour  les  applications 
militaires  air/sol,  ce  moyen  est  tres  eoncurrentiel  vis  a  vis  du  GPS,  comme  il  apparait 
dans  la  suite  de  l'article. 


1-  RAPPELS  SUR  LES  CARACTERISTIQUES  DES  CENTRALES  INERTIELLES 


Voir  tableau  1,  recapitulatif . 


1 . 0-  Centrales  inertielles  en  tant  que  references  cinematiques 


Il  existe  un  domaine  ou  la  ^cohabitation  des  centrales  inertielles  et  du  GPS  ne  pose 
aucun  probleme,  et  peut  meme  au  contraire  en  resoudre  certains.  C'est  celui  de 
1 '  elaboration  des  parametres  cinematiques  du  porteur:  attitude,  route  suivie,  cap, 
angle  de  ddrive,  vitesses  angulaires  et  accelerations  lineaires. 
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II  ne  ae  poae  pas  de  probifeme  conoernant  l'elaboration  des  vltesses  angulaires 
accelerations  lineaires,  cap,  route  suivie  et  angle  de  derive  dans  la  mesure  ou  le  GPS 
ne  peut  y  apporter  aucune  contribution,  laissant  le  champ  libre  a  la  centrale 
inertielle,  que  cette  derniere  soit  tres  performante  ou  qu'il  s'agisse  d'une  centrale 
"pseudo-inertielle"  (2) 


II  ne  se  pose  pas  de  problems  conoernant  1' elaboration  des  angles  d'attitude,  par  une 
centrale  inertielle  performante,  qui  les  fournit  avec  une  precision  de  quelques  minutes 
d'arc  sans  aucune  aide  externe.  II  y  a  oeme  synergle  si,  utilisant  une  centrale 
"pseudo-inertielle"  (2),  on  essaie  d'ameliorer  ses  informations  d'attitude  Jugees 
marginales.  Le  GPS  peut  alors  ramener  dans  les  "quelques  minutes  d'arc"  une  precision 
d'attitude  qui,  pour  une  centrale  "pseudo-inertielle"  livree  a  elle-meme,  atteindralt 
tygiquement  0,3  a  0,5  degre  pour  des  gyroscopes  de  classe  de  derive  0,1  a  0,3  °/h. 
Grace  au  GPS,  1 ' utilisateur  d'angles  d'attitude  aura  done  le  sentiment  de  disposer 
d'une  "veritable"  centrale  inertielle...  pourvu  que  l'aide  du  GPS  ne  vienne  pas  a  faire 
defaut  pendant  plus  de  15  a  30  minutes. 


Nous  avons  place  en  tete  ces  considerations  sur  les  centrales  inertielles  en  tant  que 
references  cinematiques  pour  ne  plus  avoir  a  traiter  ensuite  que  de  la  cohabitation  de 
l'inertle  et  du  GPS  dans  le  domaine  de  la  navigation  (au  sens  de  la  connaissance  de  la 
position,  et  de  la  vitesse  par  rapport  au  sol).  Pour  en  finir  avec  ces  considerations 
preliminaires ,  tirons  la  premiere  conclusion  qui  s'impose:  e'est  que  meme  si  la 
cohabitation  de  l'inertle  et  du  GPS  etait  tres  mauvaise  pour  ce  qui  est  de  la 
navigation,  ils  n'en  resteraient  pas  moins  l'un  et  l'autre  a  bord ,  se  tournant  le  dos 
et  s'oeeupant  chacun  de  sa  speciality  incontestee.  Hals  rien  ne  permet  de  predire  une 
pareille  bouderie,  bien  au  contraire. 


(2)  Une  centrale  sera  dans  cet  article  consideree  comme  "inertielle"  de  plein  droit  si 
sa  derive  est  de  l'ordre  de ,  ou  meilleure  que  1  Nm/h  typiquement,  en  fonctionnement 
entierement  autonome  (recherche  initiale  de  cap  comprise,  au  moyen  d'une  mecanisation 
en  gyrocompas).  Le^domaine  "pseudo-inertiel"  commence  quelque  part  entre  3  et  10  Nm/h 
obtenus  dans  les  memes  conditions,  e'est  a  dire  dans  une  gamme  de  precision  telle  que 
le  recours  a  une  aide  radioe lectrique  a  la  navigation  est  pratiquement  indispensable 
pour  borner  lea  erreur3  sur  un  long  terme  de  une  a  quelques  heures.  Pour  les 
considerations  performances/contraintes  operatlonnelle3/couts  relatives  a  ces  centrales 
et  a  leurs  "hybridations" ,  on  peut  se  reporter  aux  "AGARD  Conference  Proceedings 
No  360",  "Cost  Effective  and  Affordable  Guidance  and  Control  Systems",  Session  1, 
"Analyse  combinatoire  performances/couts  d'un  systeme  autonome  de  navigation  pour 
aeronefs". 


1.1-  Centrales  inertielles  classiques  (a  axes  de  cardans) 


Pour  ce  qui  touche  a  la  fonction  navigation,  les  caracteristiques  des  centrales 
inertielles  classiques  sont  bien  connues,  et  la  description  de  leurs  erreurs 
Instrumentales  (erreurs  des  capteurs)  et  des  consequences  de  ces  dernieres  en  fonction 
du  temps  (dynamique  de  propagation  des  erreurs)  se  fait  de  faqon  tres  fiable  au  moyen 
de  modeles  "robustes".  Autrement  dit,  bien  que  les  centrales  inertielles  derivent, 
elle3  n'en  sont  pas  moins  fideles ,  d'humeur  egale,  et  leurs  travers  peuvent  etre 
corrige3  sans  drame3  par  _  un  parter.aire  complementaire ,  caracterise  par  une  grande 
stabilite  et  une  bonne  precision  "au  long  cours",  et  auquel  elles  pourront  pardonner 
quelques  incartades  de  courte  duree  (e'est  a  dire  dans  la  partie  haute  du  spectre  de 
frequences )  . 


D'une  maniere  plus  quantitative,  on  peut  dire  ce  qui  suit  de  la  centrale  inertielle 
clas3ique : 


-  Ie3  erreurs  de  ses  capteurs  ("erreurs  instrumentales")  peuvent  se  resumer  a  six 
valeurs,  dont  trois  representent  les  derives  residuelles  de  gyroscopes  et  trois  autres 
les  "biais"  residuels  (erreurs  de  zero)  des  accelerometres .  Ces  six  valeurs  sont 
modelisees  chacune  comme  une  constante,  invariable  au  cours  du  fonctionnement  du 
systeme,  mais  re-initialise e  par  "tirage  au  sort"  a  chaque  nouvelle  mise  en  route.  Ce 
sont  done  des  copstantes  aleatoires  variant  "de  jour  a  jour".  Cette  variation  de  jour  a 
jour  est  supposee  gaussienne,  et  de  variance  connue,  ce  qui  permet  d ' initialiser  la 
matrlce  de  covariance  du  filtre  de  Kalman  par  lequel  or.  va  "hybrider"  la  navigation 
Inertielle  avec  l’aide  radio-electrique .  (3)  ( M ) 


(3)  On  a  ici  suppose  que  la  centrale  inertielle  assure  la  navigation  horizontale  et 
verticale  ce  qui,  pour  cette  derniere,  n'est  possible  qu'en  "hybridant"  avec  une 
altitude  barometriqpe  ...  ou  GPS  (la  mecanisation  en  "inertie  pure"  est  divergente  a 
moyen  terme,  e'est  a  dire  sur  une  duree  representant  une  fraction  d'heure). 


(4)  On  peut_  naturellement  representer  les  erreurs  instrumentales  par  des  modeles  plus 
"sophistiques" ,  tels  qu'un  bruit  blanc  integry  (cheminement  aiyatoire)  ou  filtre  par  un 
passe-bas,  ou  introduire  un  vecteur  d'etat  plus  complexe  pour  englober  d'autres  termes 
d'erreurs  (facteurs  d'echelle  etc),  mais  oela  ne  change  rien  de  fondamental  en  ce  qui 
concerne  1 ' hybridation  inertie/GPS. 
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•  la  traduction  de  ces  erreurs  instrumentales  en  erreurs  de  Vitesse  et  position  de  la 
centrale  inertielle,  croissant  au  cours  du  temps,  est  decrite  par  un  ensemble 
d'4quations  di fferentielles  dont  le  vecteur  d'4tat  est  d'ordre  9.  Tous  les  coefficients 
de  ces  Equations  differentielles  (termes  de  la  matrice  dynamique  qui  les  represente) 
sont  quasi-statiques ,  ne  variant  de  faqon  significative  que  sur  des  durees  se  chiffrant 
en  heures.  Ceci  est  une  particularity  des  centrales  classiques  a  cardans,  par 
opposition  aux  centrales  "strap  down"  dont  il  est  question  plus  loin,  et  pour 
lesquelles  la  matrice  dynamique  est  beaucoup  plus  "mouvementee" ,  car  un  certain  nombre 
de  ses  termes  dependent  des  attitudes  de  l'a4ronef,  susceptibles  de  variations  rapides. 


-  tout  ceci  aboutit,  pour  les  centrales  inertielles  classiques,  a  des  sorties  de 
vitesse/sol  extremement  "lisses",  ou  il  n'existe  pratiquement^  pas  de  "bruit"  pour  les 
frequences  "4levees"  correspondant  a  des  p6riodes  Inf6rieures  a  30  minutes  (la  premiere 
"rale"  perceptible  se  situe  vers  la  perlode  de  Schuler,  c'est  a  dire_  84  minutes 
environ).  Il  en  va  de  meme  des  sorties  de  position,  resultant  de  1' integration  des 
sorties  de  vitesse. 


Pour  fixer  des  ordres  de  grandeur,  on  peut  donner  les  valeurs  typiques  suivantes 
correspondant  a  trois  classes  de  precision  de  centrales  inertielles  a  cardans: 


I  Erreur  I  Erreur  I  Derive  I  Biais  I 

I  position  I  vitesse  I  gyros  I  accelero3  I 

. I - I . I . . 1 . . I 

*  centrale  "pseudo-inertielle"  I  6  Nm/h  I  8  m/s  10,06  °/hl  0,0006  g  I 

*  centrale  inertielle  "standard"  I  1  Nm/h  I  1,3  m/s  10,01  °/hi  0,0001  g  I 

*  centrale  "haute  precision"  I  0,25  Nm/hl  0,4  m/s  10,003  °/h|  0,00003  g  I 


1 • 2-  Centrales  inertielles  "strap  down"  a  gyros-laser 


Dans  toute  centrale  "3trap  down",  c'est  a  dire  mettant  en  oeuvre  des  gyroscopes  et 
accelerometres  lies  a  la  structure  de  l'aeronef,  et  non  pas  suspendus  a  la  cardan  et 
stabilises  en  direction,  il  y  a  des  calculs  numeriques  rapides  dont  les  algorithmes, 
dits  "plate-forme  analytique" ,  elaborent  a  partir  des  mesures  instantanees  des 
composants  J.nertiels  "lies",  des  "pseudo-mesures"  d' accelerations  telles  qu'elles 
pourraient  etre  fournies  par  une  plate-forme  a  cardans  qui  se  3ubstituerait  au  bloc 
inertiel  "strap  down".  En  aval,  les  calculs  sont  en  tous  points  identiques  a  ceux 
qu'effectue  une  centrale  classique. 


Ain3i ,  contrairement  a  la  centrale  classique  dont  les  mesures  d '  accelerations  sont 
faites  selon  des  directions  stables,  et  integrees  avec  des  cycles  de  l’ordre  du  dixieme 
de  seconde  (10  Hz),  la  centrale  "strap  down"  tralte  a  une  frequence  de  plusieurs 
centaines  a  plusieurs  milliers  de  Hertz  de3  mesures  accelerometriques  faites  dans  des 
directions  evoluant  comme  l'attitude  de  l'avion,  et  projetees  en  temps  reel  selon  des 
directions  3tables  grace  aux  mesures  gyrometriques.  L'apparition  de  cette  partie  "haute 
frequence/dynamique  elevee"  dans  les  mesures  et  calculs  consecutifs  introduit  par 
rapport  a  la  centrale  classique  les  differences  suivantes: 


-  bien  qu'on  puisse  encore  modeliser  les  erreurs  instrumentales  par  6  valeurs 
representant  trois  derives  (gyroscopes)  et  trois  biais  (accelerometres),  comme  dans  une 
centrale  a  cardans,  ces  valeurs  sont  maintenant  liees  a  des  axes  de  mesures  qui  ne  sont 
plus  stables  directionnellement  comme  dans  une  plate-forme,  mais  evoluent  comme  les 
attitudes  et  caps  de  1 ' aeronef . ^ L' integration  de  ces  erreurs  pour  aboutir  a  des  erreurs 
de  vitesse/sol  se  fait  done  apres  multiplication  par  des  cosinus  directeurs  qui  peuvent 
avoir  une  histoire  tres  mouvementee.  Il  en  resulte  des  erreurs  de  vitesse  beaucoup 
moins  "lisses"  que  dans  une  centrale  a  plate-forme,  et  de  valeurs  absolues  plus 
elevees,  a  qualite  egale  de  composants  inertiels. 


-  le  fait  que  le  gyro-laser  soit  le  capteur  le  plus  repandu  dans  le  domaine  des 
centrales  "strap  down"  (et^le  seul  en  tout  cas  qui  entre  en  lice  pour  des  precisions 
allant  Jusqu'a  1  Nm/h  et  meme  un  peu  mieux)  ajoute  une  autre  difference  propre  a  ce 
composant:  nous  voulons  parler  de  son  "cheminement  al4atoire"  ("random  walk";  et  des 
consequences  qu'il  peut  avoir  en  ce  qui  concerne  l’hybridation  inertie/radionavigatlon. 


22-4 


Sana  trop  entrer  dana  le  detail  du  fonctionnement  du  gyro-laser,  notamment  l'exiatence 
d'un  phenomena  de  aeuil  et  la  necessite  actuelle  de  le  combattre  par  une  activation 
angulaire  alcanique  ("dithering"),  on  peut  dire  l'eaaentiel  en  eonstatant _  que  le 
gyro-laaer  eat  un  generateur  de  bruit  blanc  angulaire,  qui  s'intAgre  en  une  derive  en 
forme  de  "cheminement  aleatoire"  exprimi  par  exemple  en  degree  par  raclne  d'heure. 
L ' original ite  du  gyrolaaer  a  cet  egard  n'eat  pas  le  ph£nom6ne  lui-meae  (tout,  peu  ou 
prou,  eat  aouais  a  aouveoent  brownlen,  done  cheminement  alAatoire .  .  . ) ,  mala  aon  ordre 
de  grandeur,  qui  eat  auffiaant  pour  masquer,  al  on  n'y  prend  garde,  le  param&tre  par 
lequel  on  pretend  modeliaer  son  erreur:  la  derive  (ou  erreur  de  zero)  de  Jour  a  Jour. 


Par  exemple,  un  cheminement  aleatoire  de  0,004  degre  par  racine  d’heure  (caa  d’un 
"honnete"  gyro-laser),  conduira  a  une  incertitude  angulaire  de  0,004  degre  apres  une 
heure,  ou  0,002  degre  apres  un  quart  d'heure.  II  masquera  done  l'effet  d'une  derive 
fixe  de  0,002  degre  par  quart  d'heure,  soit  0,008  degre  par  heure.  Or,  une  telle  derive 
eat  deja  superieure  a  ce  qu'on  voudrait  pouvoir  mesurer,  pour  le  compenser,  grace  a  une 
hybridation  inertie/radionavigation.  Le  cheminement  aleatoire  est  done  un  aesavantage 
de  la  centrale  "strap  down",  dans  la  mesure  ou  il  oblige  a  des  temps  d ' observation  plus 
longs  si  on  veut  identifier  correctement  les  derives  de  gyroscopes  dans  un  filtre  de 
Kalman  inertie/radionavigation.  Ceci  sera  par ticulierement  sensible  pour  certaines 
missions  courtes  de  type  militaire,  telles  que  la  defense  aerienne  ou  l'attaque  air/sol 
tactlque . 


Pour  resumer  les  ordres  de  grandeur,  on  donne  ci-apres  un  tableau  comparable  a  celui 
qui  a  ete  fourni  ci-dessus  pour  les  centrales  classiques: 


I  Erreur 

1  position 

i  . 

Erreur 

vitesse 

1  Derive  I 

1  gyros  1 

P'als  1 

acceleros  1 

i 

1  • 

1 

centrale 

( chemin . 

"pseudo 

aleat . : 
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0,020  "Vh  ) 

j  6  Nm/h 

15  m/s 

10,04  °/h | 

1  1 

0,0004 

8  i 

1  • 

| 

centrale 
(chemin . 

inertlelle  "standard" 
aleat. :  0,004  "^h  ) 

1  1  Nm/h 

| 

2,5  m/s 

10,007  °/h| 

|  j 

0,00007 

g  j 

r 

centrale 
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"haute 
aleat . : 

precision"— 
0,001  °/vh  ) 

j  0,25  Nm/h 

0,8  m/s 

10,002  °/h | 

0,00002 

j_! 

On  remarquera,  en  comparant  avec  le  tableau  correspondent  relatif  aux  centrales 
classiques,  que: 


•  la  classe  de  precision  en  position  est  restee  la  meme  pour  les  trois  centrales 

•  la  precision  en  vltesse  est  moindre  (rapport  2  environ)  bien  qu’on  soit  devenu  plus 
exigeant  pour  les  erreurs  instrumentaies  (facteur  1,5  environ).  Ceci  resulte  de  la 
mecanlsation  "strap  down"  et  du  cheminement  aleatoire  des  gyros-laser.  (5) 


Ce  que_  le  tableau  ne  dit  pas,  e'est  que  les  erreurs  de  vitesse/sol  sont  non  seulement 
plus  elevees  toutes  choses  egales  par  ailleurs,  mais  aussi  plus  bruitees  a  "haute 
frequence".  Alors  que  la  premiere  raie,  pour  une  centrale  a  cardans,  etait  vers  la 
periode  de  84  minutes,  on  peut  avec  la  centrale  strap  down  trouver  du  bruit  dans  une 
bande  spectrale  correspondent  a  des  periodes  de  quelques  minutes,  et  meme  moins.  On 
peut  essayer  de  resumer  ceci  en  considerant  les  derivees  des  erreurs  de  vltesse, 
asslmilables  a  des  erreurs  d'acceleratlon.  On  arrive  alors  aux  ordres  de  grandeur 
donnes  par  le  tableau  comparatif  suivant: 


CENTRALES  CLASSIQUES 

~ 

CENTRALES  "STRAP  DOWN" 

• 

Classe  (Nm/h): 

Classe  (Nm/h): 

0,25 

1 

6 

0,25 

mm 

6 

1  Erreurs  de 

1  vitesse  (m/s) 

0,4 

1,3 

8 

0,8 

BB 

15 

1  Erreurs  apparentes 
ld'acc6lerations  (me) 

100 

300 

2000 

400 

7000 

(5)  Les  cheminements  aleatoires  affiches  dans  ce  tableau  ont  et4  choisis  pour  etre 
homog&nes  avec  les  autres  performances  (derives  et  biais)  dans  le  cas  de  temps 
d'allgneaent  relativement  courts  (5  &  6  minutes).  Hals  on  peut  noter  en  passant  qu'une 
centrale  a  trea  bons  accellrom&tres  et  a  gyros-laser  trfes  stables  en  derive  pourralt 
tomber  dans  la  classe  "pseudo-lnertlelle"  ,_par  le  simple  effet  d'un  cheminement 
aleatoire  capable  de  tout  "polluer":  0,08  °/Xn  par  exemple  (ce  qui  n'est  d<Ji  pas  si 
mal . • . ) . 


Dana  une  hybridation  par  filtre  de  Kalman,  du  fait  dea  erreura  apparentea 
d ' accA lArat ions  accruea  dana  lea  centralea  atrap  down,  la  convergence  du  nitre  sera 
•oina  rapide,  et  on  aettra  plua  de  teapa  a  identifier  lea  erreura  instruments  1 ea  de  la 
centrals  inertlelle. 


Notons  ausal  que  dana  ce  tableau,  on  a  fait  figurer  une  clasae  "atrap  down  haute 
prAcision",  plua  par  symAtrle  avec  le  caa  dea  centralea  k  cardans,  que  par  reference  a 
dea  Aquipements  rAellement  disponlbles.  En  effet,  si  la  clasae  0,25  Ns/h  eat 
olaaslquement  obtenue,  avec  dea  plates-formes  a  gyroscopes  a  suspension  dynamique  ou 
Alectrique  (on  attaint  meme  0,1  Nm/h  dana  ce  dernier  caa),  la  precision  de  0,25  Nm/h 
avec  dea  gyroa-laaer  reste  pour  l'instant  un  defi  k  relever. 


2-  BAPPELS  SUH  DES  HKBRIDATIONS  INERT1E/RADI0NAVXGATI0N  PRECEDEMMENT  EXPER1MENTEES 


L'expArlence  Atant  la  mere  de  la  suretA,  on  rappelle  ci-apres  quelques  precedents 
connua  de  la  SAGEM  en  matlere  d ' hy brldat ion  lnertie/radionavigation,  dont  1'lntAret 
n'eat  paa  negligeable  pour  qul  s’oocupe  d' hybridation  inertie/GPS  (voir  tableau  2). 


2.1-  Inert lc/VOH-DHE 


C'eat  l'hiatoire  d'un  marlage  oal  assort!.  La  principale  reaponaabl 1 i t A  en  incombe  au 
VOR.  Avec  une  precision  de  l'ordre  de  13  et  plus,  11  entralne  dea  erreura  de  position 
aupArieures  a  0,4  Ne  a  une  distance  de  20  a  25  Nm.  C'eat  deja  marginal,  mala  on 
pourrait  penaer  que  c'eat  auffiaant  pour  corrlger  une  eentrale  Inertlelle  qul  a  derive 
typiquement  de  1  Nm  en  une  heure.  Pourtant,  ce  n'eat  pas  le  caa.  C'eat  que  l'erreur  du 
VOR  n'eat  pas  uniforme  en  fonction  dea  raaials  aur  leaquels  on  regoit  aea  emissions. 
Ainsi,  pour  un  avion  qui  parcourt  40  a  50  Nm  en  5  a  10  minutes,  la  variation  dea 
erreura  VOR  prend  l'allure  d'une  derive  de  vltease  de  0,4  Nm/(0,1  a  0,2  heure)  *  2  a  4 
milles  nautlques  par  heure.  C'eat  a  dire  dea  erreura  apparentea  de  viteaae  nettement 
auperieurea  a  cellea  de  la  eentrale  inertlelle,  blen  que  dana  une  bande  de  frequence  un 
peu  plus  haute  (periodes  de  10  a  20  minutes).  Toutes  lea  conditions  sont  reunles  pour 
que  le  VOR  "pollue"  la  eentrale  inertlelle  plus  qu'il  ne  l'alde.  C'eat  bien  ce  que  l'on 
constate  dana  la  pratique  (experience  dea  FMS,  Flight  Management  Systems  de  l'avlation 
commercials) . 


Ainsi,  VOR  et  inertle  ne  sont  pas  complements  i  res .  Le  VOR  peut  neanmoins  servir  de 
"garde- foil"  pour  l'lnertie.  Mais  ce  n'eat  pas  une  reelle  hybridation,  au  sens  ou  le  VOR 
alderait  a  "calibrer  en  vol"  lea  erreura  inertiellea  pour  en  tirer  des  corrections, 
permettant  k~  la  eentrale  inertlelle  ainsi  corrlgee  de  pourauivre  avec  une  meilleure 
precision,  meme  en  l'abaence  de  VOR.  Au  contraire,  si  on  s'obstine,  on  appllquera  a  la 
eentrale  inertlelle  dea  corrections  erroneea  qul  deter ioreront  ses  performances. 


2.2-  Inert le/multl-DME 


C'eat  une  combinaiaon  gagnante.  L'erreur  typlque  du  DME  eat  inferieure  a  0,2  Nm  (ou 
0,25  t  de  la  distance).  Surtout ,  elle  eat  peu  dependante  de  la  direction  et  de  la 
distance  a  laquelle  on  se  trouve  par  rapport  k  la  station.  Lorsque  l'aeronef  se 
dAplace,  cette  erreur  de  position  se  tradult  done  par  une  erreur  apparente  de  viteaae 
aaaez  falble  (moina  de  0,5  Nm/h).  II  y  a  done  complAmentarite  par  rapport  a  une 
eentrale  Inertlelle  de  performance  moyenne  (1  Nm/h).  Ce  aeralt  plus  marginal  s'il 
a'aglssalt  d'"alder"  une  eentrale  de  la  clasae  0,25  Nm/h  on  risqueralt  alors  de  se 
trouver  dana  une  situation  comparable  a  celle  decrite  pour  le  VOR. 


Quelques  mots  aur  la  notion  de  "multi-DME",  dont  on  trouvera  lea  consequences  au  niveau 
du  GPS  (notion  de  mono  ou  multicanal).  Idealement,  on  prend  deux  mesures  instantanees 
de  distance  a  deux  stations  DME,  et  on  en  tire  un  "point  radioAlectrlque"  qu'on  prend 
comma  "observation"  dana  le  filtre  de  Kalman  lnertie/radionavigation.  Mala  la 
disponlbilltA  de  deux  informations  simultaneea  et  diffArentes  de  distances  DME  n'eat 
paa  indispensable,  du  fait  de  la  presence  de  la  eentrale  inertlelle. 


En  effet,  apres  une  premiere  mesure  de  distance  DME  qul  fournit  un  "lieu  de  position", 
la  eentrale  inertlelle  fournit  le  vecteur  "translation"  de  ce  lieu,  correspondent  a  la 
distance  parcourue  depuis  par  1'aAronef,  Jusqu'i  ce  qu'une  nouvelle  mesure  DME  devlenne 
dlsponlble  (meme  Ametteur,  ou  un  autre)  pour  fournir  un  second  lieu  de  position. 
L ' Intersection  entre  "l’ancien  lieu  de  position  tranalatA/inertie"  et  le  nouveau  lieu 
de  position  fournit  un  point  "radlo-inertie"  utllisA  comma  observation  dana  le  filtre 
de  Kalman  "inertie-radio" .  Cette  fagon  de  prAsenter  lea  choses  a  surtout  un  objectlf 
"didactlque" .  oar  en  rAalitA,  tout  cecl  se  trouve  de  fagon  latente  et  voilAe  dana  lea 
mAcanlames  o' "obaervation/recalage"  du  filtre  de  Kalman.  Mais  1'lntAret  de  cette 
prAsentation  eat  de  montrer  un  example  trAs  concret  de  synergie,  dana  lequel  la 
eentrale  inertlelle  soulage  le  moyen  radioAlectrique  qul  lui  fournit  des  observations 
de  certainea  contraintes  "temps  rAel"  relatlvement  couteusea  (plua  de  nAcessite  de 
meaures  slmultanAes,  ou  k  grande  cadence).  La  meme  situation  ae  retrouve  quand  on 
transpose  au  cas  inertie/GPS  mono  ou  multicanal. 


2 . 3-  Inertle/Tranait/Vltesae  (loch  ou  Doppler) 


La  SAGEM  a  eu  l'oocaaion  de  developper  une  hybridation  inertie/Transit/loch 
electromagnetique  pour  servir  de  reference  aux  porte-aviona  de  la  Marine  nationale 
frangaise  (problems  de  l'aligneaent  a  la  aer  dea  centralea  inertiellea  d'aviona 
embarques).  Ce  developpement  a'eat  aolde  par  un  succea,  puisque  le  ayateae,  aia  en 
aervice  operationnel  en  1976,  donne  toujoura  aatiafaotion.  II  eat  tres  inatructif  coaae 
exeople  de  complementarity  entre  navigation  inertielle  et  radionavigation,  dana  la 
aeaure  oil,  au  coura  de  la  aeae  per  lode  de  developpement.  deux  aourcea  de 
radionav  ig  ation  ont  pu  etre  coapareea:  Tranait  et  OMEGA.  La  concluaion  qu'on  a  pu  en 
tirer  eat  la  auivante:  pour  une  bonne  central#  inertielle,  aieux  vaut  l'aide  d'un  bon 
point  radlodleotrlque  interaittent  (Tranait:  un  point  toutes  lea  30  k  120  alnutes)  qua 
d'un  point  radio4lectrique  peraanent  aaia  bruite  "baaaea  frequences". 


Le  Tranait,  ayateme  de  6  aatellitea  aia  en  aervice  par  l'US  Navy  en  1964,  puia  devenu 
acceaalble  aux  usagers  civila  en  1967,  eat  une  aorte  de  precuraeur  du  GPS  par  aea 
iapllcationa  "technico-politiques"  (accessibility  etc).  On  y  retrouve  auaai  la 
probleaat ique  "precision/couverture/dynaaique  du  porteur",  aaia  avec  dea  ordrea  de 
grandeur  tela  que  cela  conatitue  une  aorte  de  "caa  d'4cole*,  et  preaque  une 
"caricature"  du  caa  GPS: 


-  lea  recepteurs ,  coaae  pour  le  GPS,  doivent  etre  initialises  par  dea  coordonneea 
geographiquea  approx laat Ives 


-  la  couverture  eat  aondlale,  coaae  pour  le  GPS,  aaia  la  encore,  le  lieu  et  l'heure  de 
la  aeaure  ne  aont  paa  i ndi f f erenta .  Pour  Tranait,  lea  "troua"  teaporels  de  30  a  120 
ainutea  entre  aeaurea  aont  la  regie  (ila  aont  l'exception  avec  le  GPS) 


-  le  aeaure  Transit,  falte  par  effet  Doppler  aur  l'emisaion  d'un  satellite  defllant, 
eat  lente:  plualeura  ainutea,  et  aeae  un  quart  d'heure,  contre  une  seconde  coaae  ordre 
de  grandeur  pour  le  GPS  (aaia  une  seconde,  c'eat  beaucoup  pour  un  vehieule  se  deplagant 
a  500  kts) 


-  la  precision  de  la  aeaure  Tranait  (200  metres  noainaleaent ,  pour  un  recepteur  a 
l'arret)  eat  sensible  a  la  viteaae  de  deplacement  du  recepteur:  200  metres  par  noeud 
typiquement.  C'eat  bien  auaai  le  caa  pour  le  GPS,  ce  qui  amene  a  prevoir  dea  varletea 
"baaae",  "moyenne"  et  "haute  dynaaique"  de  recepteurs.  Heureuseaent ,  avec  le  GPS,  lea 
ordrea  de  grandeur  aont  uien  moindres. 


Le  caa  du  ayateae  hybride  destine  aux  porte-aviona  frangais  eat  auaai  inatructif  en  ce 
qui  concerne  lea  references  de  viteaae  utlllaables  pour  1 ' hybridation .  On  aura  note  que 
dana  ce  caa,  le  capteur  de  viteaae  retenu  eat  un  loch  electromagnetique,  fournlasant  la 
viteaae  du  navire  par  rapport  a  l'eau.  Lea  couranta  marina  n ’ allaien t-i la  pas  perturber 
le  fonct ionnement  d'un  filtre  de  Kalman  dans  lequel  on  traite  dea  vite3aea  par  rapport 
au  aol  ?  L'experlence  a  montre  qu'il  n'en  eta't  rien,  et  que  1  *  informat  ion  de 
viteaae/mer  eat  au  contraire  trea  profitable,  du  fait  de  la  stabilite  dea  couranta 
marina  aur  d'aaaez  grandea  etenduea  oceaniques.  On  ne  peut  pas  en  dire  autant  de 
certainea  autrea  references  de  viteaae  telles  que  le  radar  Doppler.  Tres  valable  a 
proximlte  du  aol(  dana  1 ' appl icat ion  aux  helicopteres  par  exemple,  le  radar  Doppler 
peut  s'averer  tres  decevant  en  altitude  (accrochages  aur  couches  nuageusea  etc).  En 
d'autrea  termea.pour  une  bonne  centrele  inertielle.  aieux  vaut  l'aide  d'uoe  bonne 
source  de  viteaae,  aeae  interaittente,  ou  erronie  de  fagon  atable,  que  celle  d’une 
source  continue  aaia  brultee  "baaaea  fr4quencea". 


2.4-  Inertie/OMEGA 


Paral lelement  a  1 ' hybr idat ion  inert ie/Transi t  mentionnee  cl-dessus,  et  avec  le  aeae 
programme  en  vue  (reference  porte-avionsj ,  la  SAGEM  a  easaye  de  mettre  au  point  une 
hybridation  Inertie/OMEGA  qui  aurait  pu  etre  un  p ia  de  plus,  soit  vers  la  performance, 
soit  vera  la  redondance.  II  a  fallu  y  renonctr  compte  tenu  dea  caracteristiquea 
f requent ie  1  ies  dea  erreurs  de  l'OMEGA,  car  on  a'eat  trouve,  comme  pour  le  V0R,  avec 
"trop  d'erreurs  dana  lea  baaaea  frequences". 


Cela  n'enleve  rien  aux  merites  de  l'OMEGA,  qui  peut  Jouer  le  role  de  garde-fou  par 
rapport  a  la  navigation  inertielle.  Mala  11  n'y  a  paa  entre  lea  deux  une  reelle 
aynergle.  Le  couple  eat  aal  assort!. 


2.  5-  Inertle/ILS 


L'lLS,  on  le  salt,  manque  de  redondance  dana  sa  partie  aArienne,  et  sea  faisceaux  sont 
par  ailleura  aujets  a  des  dlstorsiona  gAomAtrlques .  D'ou  1'ldAe  de  liaser  cea 
diatorsiona  grace  aux  centralea  lnertiellea  de  bord,  et  de  aurvivre  Aventuel lament  k  la 
diaparltion  dea  falaceaux  in-extreala,  par  guldage  inertiel  (extrapolation)  Jusqu'au 
toucher  et  au  roulage  aur  plate.  C'eat  ce  type  d ' hybr ldat Ion  lnertle/ILS  que  la  SAGEM  a 
eu  l'occaalon  de  dAvelopper  11  y  a  quelquea  annAes  (  1976),  et  qui  a  fait  l'objet 
d'eaaala  lnatructifa,  alnon  couronnea  de  succia. 


L'ldee  gAnArale  qul  a'en  degage  eat  la  aulvante:  1'ILS  et  l'lnertle  aont  preaque 
eomplAmentalrea ,  mala  paa  tout  a  falt...al  on  cherche  une  prAcialon  de  quallte 
mAtrlque.  Un  faisceau  ILS  cat.  Ill  pourra  par  exemple  avoir  dea  dlatoralona, 
decrolaaant  de  10  ou  20  metres  dana  lea  cinq  mlnutea  qul  precedent  le  toucher  dea 
rouea,  a  2  ou  3  metres  dans  lea  20  dernlerea  secondea .  Au  total,  cela  ae  tradult  par 
dea  "erreurs  apparentea  de  vltesse"  de  l'ordre  de  10/200  s  0,05  m/a,  aolt  0,1  Nm/h.  Et 
cecl  dana  une  bande  de  frAquences  relatlvement  AlevAe  (pArlodea  de  aolna  de  5  minutes). 
C'eat  largement  aufflaant  pour  dea  beaolna  de  recalage  de  navigation  "en  route*.  Mala 
c'eat  marginal  pour  les  beaolna  de  tra Jectographie  de  qualltA  "mAtrique"  tela  qu'lla  ae 
manifestent  en  courte  finale. 


L'experience  s'eat  done  revelee  inatructive  et  pourrait  avoir  des  rAsultats  plus 
positifs  avec  un  systeme  radio-Alectrlque  encore  ameliorA,  tel  que  le  MLS. 


2.6-  Inertl e/cor relation  d ' altitude 


Cette  technique,  dlte  "terrain  contour  matching"  dans  les  pays  anglo-saxona ,  eat 
exemplaire  de  ce  que  peut  etre  une  excellente  synergle  entre  navigation  inertielle  et 
aides  radlo-electrlques .  Appllquee  par  la  SAGEM  au  recalage  de  la  navigation  inertielle 
dea  aviona  de  combat  volant  a  Basse  altitude,  elle  a  montrA  une  bonne  "robustesae" ,  et 
une  precision  absolue  comprise  entre  50  et  100  metres,  qul  aoutlent  la  comparaiaon  avec 
le  GPS  en  mode  C/A. 


L'aide  radlo-electrique  eat  icl  un  radloaltimetre  qul  fournlt  le  profll  altimAtrique  du 
terrain  aurvole  par  l'avion.  II  ne  peut  d'allleurs  le  faire  qu'en  "s’appuyant"  sur  la 
centrale  inertielle  de  deux  fagona  eomplAmentalrea: 


-  la  centrale  Inertielle,  hybridAe  dans  sa  vole  vertlcale  par  l'altltude  barometrique , 
fournlt  une  reference  precise  de  niveau  de  vol  ( "f lottante" ,  en  valeur  absolue,  mais 
stable  a  court  terme),  par  rapport  a  laquelle  sont  "cotAea"  les  dlffArences  de  niveau 
du  terrain  defilant  sous  l'aeronef 


-  la  meme  centrale  fournlt  ausai  les  coordonnAes  horlzontales  relatives  des  points  dont 
le  radloaltimetre  "cote"  le  niveau  altimAtrique.  Lea  coordonnAes  geographlques 
(absolues)  de  ces  points  ae  dAduisent  de  cea  coordonnAes  relatives  par  une  translation 
(erreur  de  navigation  Inertielle  dans  le  plan  horizontal)...  qu'il  s'aglt  prAclsAment 
de  dAtermlner 


Cette  determination  se  fait  par  un  algortthme  de  corrAlatlon  dans  le  calculateur  de  la 
centrale  Inertielle  qul,  ayant  mAmoriaA  la  succession  dea  cotes  altimAtriquea 
aurvolAes,  cherche  a  posteriori  dana  une  carte  d'altitudea  de  terrain  numArlaAea  quelle 
eat  la  translation  de  sa  trajectoire  horlzontale  aupposAe  qul  assure  la  meilleure 
corrAlatlon  avec  les  meaurea  du  radloaltimetre. 


On  se  rend  compte  a  quel  point  les  fonctlons  de  la  centrale  Inertielle  et  du 
radlo-al tlmetre  aont  ImbriquAes,  a  ce  stade  qul  consiate  a  obtenlr  une  "observation" 
(au  sens  de  Kalman)  radloAleotrique  s'appuyant  aur  l'lnertle.  C'eat,  phi loaophiquement , 
une  approche  comparable  k  celle  d'une  "observation"  "mono-DME/ inert le" ,  ou 
"GPS-monocanal/lnertle"  (la  seule  Information  radloAleotrique  ne  permet  pas  de  "faire 
le  point",  mala  on  y  parvient  par  observations  rApAtAes  liAes  entre  elles  par  le  fll 
d'Arlane  de  la  tra jectographie  inertielle). 
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Natural leaent ,  1 ' observation  d'erreur  de  position  inertielie  une  foia  obtenue,  on  e'en 
sert  dans  le  filtpe  de  Kalman  qui  easaie  de  reaonter  aux  erreurs  de  oapteurs  lnertlels 
qui  sont  a  l'origine.  Typiqueaent,  les  ordres  de  grandeur  aont  les  suivants: 


-  centrals  inertielie  de  la  classe  1  Na/h  ou  aieux  ( 1 ' observation  serait  iapraticable 
avec  une  centrals  "pseudo-inertielle" ) 

-  precision  d'une  observation  d'erreur  de  position  :  50  a  100  a&trea 


-  espaceaent  souhai table  des  observations:  variable  selon  la  mission.  aais  typiqueaent, 
tous  lea  quarts  d'heure,  avec  dernlere  observation  peu  avant  I'arrivee  sur  le  but 


La  encore,  coaae  pour  le  multl-DME  et  le  Transit,  et  en  pensant  aux  contre-exeaples  que 
constituent  le  VOR  et  1 'ONEGA,  on  peut  repeter  que  pour  une  bonne  centrale  Inertielie, 
aieux  vaut  l'aide  d’un  bon  point  radiodleetrique  interaittent  que  oelle  d'un  aoyen  de 
redionavigation  continu,  aais  bruitd  aux  baaaes  frequences. 


3-  INERTIE/GPS  :  HKBHIDAT IONS  ET  CLASSES  DE  PERFORMANCES 


3.1-  Le  systeae  GPS 


Le  GPS  (Global  Positioning  Systea)  est  un  nouveau  systeae  universei  de  posi t ionnement 
par  satellites.  Etudle  depuls  1973  a  l'lnltlative  de  l'US  Air  Force,  il  est 
actuelleaent  dans  aa  phase  de  "montee  en  puissance"  au  plan  operationnel .  La 
constellation  complete  de  satellites  devrait  etre  dlsponible  vers  la  fin  de  1989 ,  aais 
les  satellites  deja  disponlbles  peraettent  la  localisation  de  recepteurs  varies  avec  la 
precision  nominate,  sous  reserve  de  bien  choisir  le  lieu  et  l’heure  de  fonetionneaent . 
C'est  ce  qui  a  ete  fait  dans  les  essais  de  couplage  inertie/GPS  dont  il  est  rendu 
compte  cl-apres. 


Le  GPS  peraet  un  pos 1 t lonneaent  en  4  dlaensions:  latitude,  longitude,  altitude  et  teaps 
(heure),  pourvu  que  les  emissions  de  quatre  satellites  soient  capt£es  par  le  recepteur, 
ce  qui  suppose  la  visibilite  directe  de  ces  quatre  satellites.  La  constellation  de  16 
satellites  (plus  trots  satellites  de  reserve,  peraettant  de  rimplacer  d'  eventuels 
satellites  defalllants)  peraet  preciseaent  cette  visibilite  directe  en  tout  point  du 
globe  et  a  tout  Instant,  sauf  quelques  "trous"  spat io-teaporels ,  notamaent  sur  des 
zones  aed i terraneennes  (une  ou  deux  fois  30  minutes  par  Jour,  sur  des  zones  de  quelques 
centalnes  de  kilometres). 


La  position  du  recepteur  se  deduit  de  la  assure  de  distance  au*  quatre  satellites 
visibles  (teaps  de  propagation  des  ondes)  combinee  a  la  connaissance  de  la  position 
instantanee  des  quatre  satellites  (sltues  a  ?0  178  km  d'altitude  et  decrivant  leur 
orbite  en  un  deal  Jour  sideral,  solt  11  h  *>7  minutes,  done  a  une  Vitesse  de  l’ordre  de 
3000  m/s).  La  precision  ultiae  de  la  position  obtenue  depend  pri nc ipal ement  de  la 
disposition  geoaetrique  relative  des  satellites  et  du  recepteur.  La  precision  pratique 
depend  surtout  de  la  nature  de  l'eaission  que  peut  recevolr  1  '  ut i 1 i sa t eur ,  pulsqu'il  a 
ete  prevu  deux  categories  de  service: 


le  service  "ordinaire"  (3PS  =  standard  positioning  systea,  ou  C/A  =  "clear 
acquisition"  ou  "coarse  acquisition"),  accessible  a  tous,  et  assurant  une  precision  de 
100  a  a  9b  l  en  deux  dimensions  (plan  horizontal)  et  180  m  en  3  dimensions 


-  le  service  "de  precision"  ( PP3  =  precision  positioning  system,  ou  "code  P"), 
accessible  avec  "mot  de  passe"  seulement,  et  assurant  une  precision  de  18  o  a  95  %  en 
deux  dimensions,  et  33  m  en  trois  dimensions 


Le  GPS  est  aussi  en  mesure  de  fournir,  outre  la  position  et  l'heure,  la  Vitesse  du 
vehicule,  par  aesure  de  1'  effet  doppler  sur  les  ondes  regues.  Peu  d '  informat ions 
pratiques  sont  encore  disponlbles  sur  le  spectre  d’erreurs  de  cette  information  de 
vitease,  aais  11  est  probable  qu'll  se  situe  pr incipa 1 eaent  dans  les  hautes  frequences, 
done  qu'll  est  coaplementalre  de  celul  des  centrales  lnertielles. 


3.2-  Interet  d'un  couplage  inertie/GPS,  et  varlete  des  comblnalsons  possibles 
t  Voir  tableau  3  (variate  des  coabinalsons )  et  tableau  4  (applications  envisageables ) . 
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3.2.1-  L'interet  d'un  couplage  inertie/GPS  resulte  de  1»  bonne  coaplementarite  des  deux 
capteura.  En  effet. 


-  la  centrale  lnertielle  est  autonoae,  discrete,  imbroui 1 lable ,  de  fonctlonneaent 
In lnterroapu ;  les  inforaations  fournies,  outre  l'attitude  et  le  cap/route  extremeaent 
precis,  sont  une  vitesse/sol  tres  stable  et ,  "en  priae",  la  position  geographique ;  lea 
erreurs  sur  ces  inforaations  sont  a  variation  tres  lente;  le  aodele  de  ces  variations 
lentes  est  bien  connu  et  robuste. 


-  le  GPS  fournit  une  position  geographique  3D  tres  precise;  le  "bruit"  sur  cette 
inforaatlon  est  a  haute  frequence;  on  pense  qu'il  en  est  de  aeae  pour  1 ' inforaation  de 
vltesse;  aeae  si  son  fonctlonneaent  peut  etre  sujet  a  "eclipses",  elles  sont  de  courte 
duree  aux  yeux  d'une  centrale  lnertielle;  le  GPS  eat  egaleaent  discret  (le  vehlcule 
porteur  n’a  pas  a  eaettre)  et  en  ce  sens  "autonoae",  bien  que  dependant  d'un  segment 
spatial  et  terrestre  consequents;  il  est  resistant  au  brouillage,  quoique  non 
entiereaent  " iabroui 1 lable" . 


L ' hybr idat ion  inertie/GPS,  par  les  techniques  de  filtrage  statistlque  (Kalman), 
conjugue  les  avantages  des  deux  systeaes  et  coapense  leurs  inconvenlents .  On  obtient  un 
systeae  tres  precis,  en  position  comae  en  vltesse.  autonoae  au  sens  fort  (capable  de  se 
passer  au  besoin  du  segment  spatial  et  terrestre),  fonctionnant  sans  interruption,  et 
iabroull lable .  Grace  a  la  centrale  lnertielle,  le  recepteur  GPS  devient  moins  sensible 
au  brouillage,  une  fols  1 ' "accrochage"  obtenu.  La  presence  des  deux  capteurs 
comp lementa ires  permet  non  seulement  de  fournir  des  informations  de  meilleure  qualite, 
aais  egaleaent  les  indices  de  qualite  realistes  assocles  ( 1 '  ut i 1 lsateur  salt  aieux  ce 
que  vaut  1 '  lnforaat ion  qu'on  lui  fournit). 


Pour  obtenlr  le  cumul  des  avantages  de  la  navigation  inertielle  et  la  neutralisation  de 
leurs  inconvenlents  (et  non  1  • inverse ...) ,  il  faut  cependant  proceder  a  une 
"hybridation"  avlsee.  Notre  experience  de  couplages  inertiels  avec  une  grande  diversite 
d'aldes  radio-electrlques,  dont  en  dernier  lieu  Ye  GPS,  montre  qu'une  telle  hybridation 
doit  avoir  les  caracterlst lques  suivantes: 


xi  s'agit  d'un  echange  bl-directionnel  inertie-GPS 


chaque  capteur  preserve  sa  capaclte  de  fonctionner  en  mode  independant  ("inertie 
ure",  "GPS  pur"),  si  bien  qu'on  peut  a  tout  instant  revenir,  en  "mode  secours"  du  mode 
hybrlde"  vers  1 ' un  ou  l'autre  mode  independant 


-  seme  en  mode  "hybride",  on  evite  la  confusion  des  role3,  et  chaque  capteur  n'utilise 
son  partenalre  que  pour  ses  bons  cotes;  alnsi,  par  exemple: 


•  la  navigation  a  l'estime,  avec  son  caractere  incremental  et  ininterrompu ,  est 
assuree  dans  la  centrale  lnertielle  dont  c'est  la  fonctlon  naturelle 


•  le  pos  i  t  ionriement  precis  est  la  function  naturelle  du  GPS,  meme  s'il  ne  peut  etre 
fourni  que  de  faqon  discontinue 


•  la  centrale  inertielle  ne  prend,  des  informations  que  lui  envoie  le  GPS,  que 
celles  qul  lui  sont  indispensables  pour  assurer  la  navigation  a  long  terme;  elle 
applique  a  ces  informations  des  crlteres  de  va  1 1 di te/accepta t ion  qui  la 
preservent  au  aaxiaua  d'une  possible  "pollution” 


le  GPS  ne  prend,  des  Informations  que  lui  envoie  la  centrale  inertielle,  que 
celles  qul  lui  sont  indispensables  pour  aieux  assurer  un  fonctlonneaent  autonoae 
en  poursuite  des  satellites;  11  ne  "ressert"  pas  a  la  centrale  inertielle  des 
inforaations  que  cette  derniere  a  largement  contribue  a  calculer  (risque 
d '  "autosuggestion"  ) . 


I.es  prlnclpes  definis  ci-dessus,  et  qu'on  peut  resumer  en  parlant  de  "couplage  lache" 
entre  inertie  et  GPS  (par  opposition  a  un  "couplage  serre"  dans  lequel  on  "met  les 
oeufs  dans  le  aeae  panier"),  sont  sous-entendus  dans  la  suite  de  cet  article,  chaque 
fols  que  l'on  parle  d ' "hybr idat ion  lnertie/GPS". 


3.2.2-  On  a  defini,  dans  la  section  1,  trois  grandes  classes  de  centrales  inertielles, 
se  subdivisant  en  varlantes  "classiques"  (a  cardans)  et  "strap  down"  (a  gyros-laser ) . 
Concernant  le  GPS,  deux  classes  de  precision  seront  disponibles,  la  "courante"  (code 
C/A,  typiqueaent  100  mitres  k  95  t )  et  la  "haute"  (code  P.  typiqueaent  20  metres  a 
95  »).  Concernant  les  ricepteurs,  trois  varlantes  sont  possibles:  aonocanal  ,  bi-canal, 
olnq  canaux.  La  difference  reside  dans  la  capacity  ou  non  d'obtenir  un  point  radio 
autonoae  (cas  du  cinq  canaux,  aais  non  des  aono  et  bi-canal  dis  que  la  vltesse  du 
porteur  est  significative),  et  dans  la  capacity  k  survivre  a  des  pannes  (cas  du 
bi-canal  et  du  cinq  canaux,  aais  non  du  aonocanal).  En  coabinant  tous  ces  cas  de 
figure,  on  arriverait  4  un  noabre  de  varlantes  respectable,  dont  nous  n'aborderons  que 
les  plus  representatives,  les  autrea  pouvant  se  traiter  par  interpolation  ou 
extrapolation. 
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3. 3-  Inertia  hautes  performances/GPS  code  P  cinq  canaux 


C'est  la  configuration  a  la  fois  la  plua  pert'oraante ,  la  plus  couteuse,  et  ...la  plus 
ample  a  analyser  et  a  reallser. 


Le  GPS,  typiquement  toutes  lea  aecondes,  fournit  a  la  centrale  inertielle  lea 
coordonneea  geographiques  et  i'altltude  avec  une  precision  absolue  de  20  m  a  2  sigma. 
Notons  que  pour  un  porteur  supersonique  qul  se  deplace  par  exeaple  a  500  m/s,  11  faut 
une  datation  a  au  moins  10/500  =  0,02  seconde  pres  ai  on  veut  tirer  tout  le  parti  de 
cette  precision.  La  vitesse/sol.  (dans  le  plan  horizontal  et  vertical)  eat  egalement 
disponible,  avec  une  recurrence  de  1  seconde,  par  assure  de  l'effet  Doppler  sur  les 
emissions  GPS  recues.  C'est  une  situation  de  tout  confort...  pour  la  centrale 
Inertielle,  qui  utilise  coame  suit  les  informations  reques  du  GPS: 


-  dans  le  plan  horizontal,  1 ' observa t ion  de  position  (et  eventuel lement  de  vitesse)  est 
utilisee  mais  avec  une  recurrence  nettement  plus  longue  que  ce  que  fournit  le  GPS: 
plusieurs  secondes,  typiquement  (mais  un  pre-filtrage  simple  des  informations  GPS,  avec 
criteres  d ' acceptation/re Jet ,  permet  un  "lissage  d'entree").  Elle  entre  coame 
observation,  avec  une  variance  de  "bruit  d • observat ion"  de  l'ordre  de  (20  m)2,  dans 
un  filtre  de  Kalman  tres  classique,  ou  cependant  les  teraes  de  covariances  d'erreurs 
dolvent  etre  calcules  avec  des  resolutions  compatibles  avec  la  qualite  "decaaetrique" 
recherchee  (et  pour  les  erreurs  de  vitesses,  il  s'agit  de  centimetres  par  seconde...) 


-  dans  le  plan  vertical,  1 ' observat ion  d'altitude  entre  dans  une  boucle  d ' hy br idat ion 
comparable  a  celle  d'un  couplage  " inert ie/baro-al t imetre" ,  mais  la  encore  avec  une 
resolution  nettement  accrue.  Notons  que  I'altltude  hybride  lnertie/GPS  ne  se  substitue 
pas  a  I'altltude  inertie/baro ,  et  que  les  deux  devront  coexister,  tant  que 
1  ’  inertie/baro  servlra  au  malntien  des  separations  verticales  en  aeronautique  civile. 
Par  contre,  les  altitudes  inertie/GPS  et  inertie/baro  pourront  etre  eventuel lement 
comparees .  .  ._  pour  les  besoins  de  la  meteorologie ,  et  l'une  ou  l’autre  indi f feremment 
pourraient  etre  utillsees  si  on  voulait  faire  des  observations  par...  correlation 
d'altitudes  ("terrain  contour  matching"),  chose  superfetatolre  ici,  sauf  s'll  s'agit 
d'eventuels  releves  topographiques  1 


Nous  n'avons  pas  ci-dessus  precise  quelle  variante  de  centrale  inertielle  hautes 
performances  ("classique"  ou  "strap  down")  devait  etre  couplee  au  GPS  5  canaux  code  P. 
La  centrale  "classique"  est  sans  conteste  la  solution  la  plus  rationnelle  aujourd'hui. 
Nous  avons  dit  plus  haut  que  le  potentiel  du  filtre  de  Kalman,  dans  cette 
configuration,  etait  d'evaluer  des  erreurs  de  vitesse  inertielle  se  chiffrant  en 
centimetres  par  seconde,  et  nous  avons  vu  dans  la  partie  introductive  consaeree  aux 
centrales  inertielles  que  des  "bruits  de  vitesse"  aussi  falble3  n’etaient  aujourd'hui 
atteints  qu'avec  les  mellleures  centrales  a  plates-formes  (gyroscopes  a  suspension 
dynamique,  ou  a  suspension  electrique).  Mais  rlen  n'interdit  de  proceder  au  couplage  du 
IPG  5  canaux  code  P  avec  une  centrale  "strap  down",  qui  tlrera  des  "observations'*  GPS 
un  moins  bon  parti  que  la  centrale  classique,  nans  plus.  En  d'autres  termes,  la 
centrale  "strap  down"  ne  sera  pas  tout  a  fait  "a  la  hauteur"  du  GPS  mais  en  tlrera 
d'autant  plus  profit. 


5 . a-  Inertie  hautes  performances/GPS  code  P  mono  ou  bl-canal 


Par  rapport  au  cas  precedent,  la  performance  est  pratiquement  lnchangee,  mais  le  cout 
ou  recepteur  GPS  devralt  se  trouver  redult.  Le  recepteur  "s'appuie"  davantage  sur  la 
centrale  Inertielle,  dans  les  phases  de  grande  dynamique  (virages,  montees/descentes , 
masquaae  de  satellites)  pour  proceder  a  son  "point  radionavigation".  Le  GPS  et  la 
centrale  inertielle  travaillant  ici  en  etrolte  symbiose,  et  le  recepteur  GPS  ne 
representant  par  rapport  a  la  centrale  inertielle  qu'un  accroissement  modere 
d ' el ectronlque  et  de  logiciel,  la  tentation  est  grande  d'integrer  physiquement  inertie 
et  GPS  dans  le  aeae  boltler  (voir  plus  loin). 


3.5-  Inertie  moyennes  performances/GPS  code  C/A 


II  y  a  paralltllsme  presque  parfait  avec  les  configurations  qui  ont  ete  eonsiderees 
ci-dessus  en  3.1.  et  3.2.  Les  performances  "descendent  d'un  cran"  pour  1 '  un  et  l'autre 

senseur  (inertie  et  GPS),  mais  l'dquilibre  et  la  syne^rgie  subsistent,  au  niveau  de 

precision  "hectomdtr ique"  et  non  plus  "decametrlque" .  Cote  inertiel ,  la  variante  strap 
down  a  gyrolaser  exlste  bel  et  blen,  et  n'est  plus  introduite  simplement  de  faqon 
acad£aique :  elle  peut  tirer  pleln  parti  des  informations  GPS,  et  sa  qualite  de 

vltease/aol  s'en  trouvera  aadllorde  au  point  de  devenir  comparable  k  celle  d'une 

centrale  claaalque  k  cardans. 


Comae  dit  Plus  haut  dgaleaent,  la  tendance  est  aanifeste  d’  lntegrer  physiquement  le 
recepteur  GPS  mono  ou  bicanal  dans  la  centrale  inertielle,  alors  que  le  recepteur  cinq 
canaux  est  pricisiaent  fait  pour  fonctionner  de  faqon  autonome. 


C'est  avec  la  configuration  Inertie  moyennes  performances/GPS  code  P  et  C/A  bi-canal 
que  nous  avons  recuellll  l'essentiel  de  nos  resultats  experimentaux ,  et  nous  renvoyons 
done  a  la  suite  de  l'artlcle  pour  plus  de  details. 
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3 . 6-  "Pseudo-lnertleVGPS  code  C/A 


C'est  la  configuration  qui  permet  de  maintenir  en  vie  le  concept  meme  de 
"pseudo-inertie" ,  par  utilisation  de  l’argument  periodiauement  repris:  "pourquoi 
utiiiser  des  centrales  inertielles  "cheres",  puisque  le  GPS  (ou,  precedemment :  le  radar 
Doppler,  l'OMEGA)  peraet  de  les  realiser  moins  performantes  ?". 


Ceci  renvoie  a  un  debat  "performances/couts "  dont  les  grandes  lignes  ont  ete  tracees 
dans  un  autre  syaposiua  AGARD  (voir  AGARD  Conference  Proceedings  N3  360).  Pour  ce  qui 
est  des  aspects  plus  sped f iqueaent  OPS,  on  peut  noter  ce  qui  suit: 


-  une  solution  "pseudo-inertie/GPS"  ne  peut  se  substituer  a  une  solution  comportant  une 
"vraie  centrale  Inertielle"  que  si  elle  assure  la  continuity  de  perforaances  qu'apporte 
cette  derniere  (pas  de  hiatus,  tout  au  plus  une  degradation  lente).  Cela  ne  semble  pas 
totaleaent  iapossible  aais  la  question  reste  ouverte  pour  certaines  zones  du  globe 
(Mediterranee  entre  autres)  ou  la  couverture  GPS  est  evanescente  pendant  30  minutes  a  1 
heure  chaque  Jour. 


-  la  qualite  de  vitesse  sol  que  doit  pouvoir  assurer  1 ' hybridation  par  le  GPS  seable, 
par  ailleurs,  bien  meilleure  que  ce  que  pouvaient  apporter  l'OMEGA,  ou  meme  le  Doppler 
teas  d’anomalies  provoquees  par  accrochage  du  faisceau  sur  couches  nuageuses  ou  sur 
l'eau).  Cela  plaide  aussi  en  faveur  de  "pseudo-inertie/GPS". 


-  aais  si  on  a  fait  les  deux  pas  precedents  qui  consistent  a  s'en  remettre  au  GPS  pour 
la  continuity  et  la  qualite  de  vitesse/sol,  il  faut  alors,  pour  apporter  un  avantage 
not  au  plan  economique,  passer  aux  extremes,  et  reduire  la  "pseudo-central e  inertielle" 
a  un  bloc  gyrometrique  3-axes,  peut-etre  meme  sans  acce le rometres . 


On  se  reporters  aussi  au  $  1.0  de  oet  article,  pour  Juger  de  ce  que  le  GPS  peut 
apporter  comme  ameliorations  a  une  "reference  cinematlque"  de  bord.  Et  on  eonstatera 
que  si  la  solution  "pseudo-inertie/GPS"  couvre  la  presque  totality  des  besoins  (en 
supposant  une  reelle  continuity  des  "prestations"  GPS),  il  reste  encore  des  parametres 
a  obtenir  (comment  ?)  tels  que  cap,  route  suivie  et  angle  de  derive.  C'est  pourquoi  11 
nous  semble  que  la  solution  "pseudo-inertie/GPS"  reste  maigre  tout  fragile,  face  aux 
besoins  systeme,  faisant  peser  sur  les  epaules  du  GPS  beaucoup  de  responsabi 1 i tes 
(continuity,  qualite  de  vitesse)  et  ne  fournissant  pas  1 ' integrality  des  parametres 
qu'on  est  habitue  a  tirer  d'une  centrale  inertielle  au  sens  plein  du  terme. 


4-  COUPLAGE  INERT 1E/GPS  :  RESULTATS  EXPER I  KENT  AUX 


4.1-  Historlque  a  la  SAGEM 


Le  premier  programme  aeronautique  franqais  dans  lequel  le  GPS  ait  ete  prevu  est 
l'avlon  de  patrouille  maritime  ATL  2  (Atlantique  2e me  generation),  en  cours  de 
deve loppement ,  et  dont  les  premiers  avions  de  serie  seront  mis  en  service  en  1989.  Ces 
avions  sont  equlpes  basiquement  de  deux  centrales  inertielles  a  cardans  ULISS  53,  dont 
le  format  mecanique  correspond  sensiblement  au  standard  "F3"  (centrales  inertielles 
pour  avions  d'armes),  et  dont  les  performances  sont  meilleures  que  le  "1  Nm/h" 
claosique,  sans  toutefois  atteindre  les  0,2  ou  0,3  Nm/h  que  la  SAGEM  peut  proposer  avec 
sa  ligne  de  centrales  de  haute  precision  ULISS  60. 


L’utilite  d'un  recours  au  GPS  reside  precisement  ici  dans  le  fait  qu’on  essaie  de  se 
contenter  de  centrales  inertielles  "standard",  en  se  menageant  la  possibility  de  les 
"alder”  par  le  GPS,  surtout  dans  le  cas  des  missions  de  plus  longue  duree.  En  d'autres 
termes,  les  centrales  inertielles  sont  le  moyen  basique  de  navigation,  mats  le  GPS  leur 
procure  un  potentiel  d ’ accroiaaeaenl  de  performances  qu'on  se  reserve  d'utiliser  ou  non 
selon  le  cas  (et  selon  la  dlsponibil i te  du  code  P,  qui  n'est  pas  garantie  a  100  I  ...). 


Cette  approche  a  ete  definie  en  1983,  date  a  laquelle  un  marche  d'etudes  de  sensibilite 
et  de  performances  d’un  filtrage  inertie/GPS  pour  ATL  2  fut  confie  a  la  SAGEM  par  le 
STTE  (Service  Technique  des  Telecommunications  et  de  1 'Electronique  de  la  Direction  des 
Constructions  _ Aeronautiques  militaires).  Il  s'agissait  dans  un  premier  temps  d'une 
etude  de  modelisation  des  erreurs  GPS  et  inertielles,  et  de  leur  traitement  par 
flltrage  de  Kalman.  Dans  un  second  temps,  le  choix  d'un  recepteur  Magnavox,  et 
1 ' enregistrement  en  vol  de  ses  mesures,  devait  permettre  de  valider  les  hypotheses 
lnitialement  retenues  concernant  les  erreurs  du  GPS,  et  eventuellement  de  les  ajuster. 
Ensuite,  on  passalt  aux  essais  en  vol  et  ajustements  du  filtre  de  Kalman  qui,  execute 
par  le  ealculateur  de  la  centrale  Inertielle,  devait  permettre  i  cette  derniere  d'avoir 
de  meilleures  performances  en  "inertie  pure"  consecutive  a  une  periode  de  filtrage 
inertie/GPS  de  duree  a  determiner  (voir  plus  loin  S  4.3).  Enfin,  les  reglages  etant 
optimises,  une  yvaluation  "statistique"  en  vol  devait  intervenir  sous  la  supervision 
des  Services  Officiels  clients.  Tout  ce  programme  s'est  deroule  selon  l'echeancier  de 
la  figure  5,  et  a  la  date  de  publication  de  cet  article,  les  essais  finals  devaluation 
en  sont  a  leurs  debuts.  On  notera  qu’un  echeancier  plus  serry  aurait  ete  difficile, 
dans  la  mesure  ou  une  constellation  utllisable  de  satellites  (4  satellites  au  moins 
visibles  pendant  des  duriea  suffisantes)  n'aurait  pas  ete  disponible  de  toute  fapon. 
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4 . 2-  Proprletes  des  slgnaux  GPS  observes  en  reception 


Le  recepteur  GPS  utilise  etait  un  bi-canal,  en  node  P  ou  C/A  (les  deux  etant 
accessibles  avec  la  performance  noainale  du  code  P,  en  cette  periode  de  promotion  du 
GPS).  Des  observations  effectuees  en  solo,  puis  en  aode  couple  inertie/GPS,  on  a  pu 
tirer  les  consequences  suivantes  (voir  figure  6): 


-  le  signal  de  vitesse/sol  fourni  par  le  recepteur  GPS  6tait  trop  "lrregulier"  pour 
pouvoir  etre  exploite  au  naturel.  D'ailleurs,  1’objet  principal  de  notre  filtrage 
inertie/GPS  est  blen  d'obtenir  une  vitesse/sol  de  haute  qualite,  tirant  parti  du 
caractere  tres  peu  bruite  de  la  vitesse  inertielle,  et  de  la  haute  precision  de  la 
position  GPS.  Pourtant,  lorsqu'on  est  en  vol  relativement  stabilise,  la  precision  de  la 
vitesse/sol  fournie  par  le  GPS  n’est  pas  sans  attraits:  0,3  a  0,5  m/s  typiquement.  Mais 
les  erreurs  peuvent  atteindre  2  a  5  a/s  en  cours  d'evolutions,  et  ceci  de  facon 
prolongee,  sans  coapter  la  possibility  d '  "eclipses".  L 'utilisation  de  la  vitesse  GPS 
reste  done  encore  pour  nous  un  sujet  a  explorer. 


-  1' information  "position"  fournie  par  le  GPS  se  caracterise  par  trois  modes  principaux 
d'erreurs: 


•  des  erreurs  en  forme  de  "bruit  blanc",  tout  au  moins  en  comparai3on  de  celles 
d'une  centrale  inertielle.  C'est  a  dire  avec  un  niveau  suffisamment  faible  (valeur 
typique  de  l'ordre  de  10  metres)  et  un  temps  de  correlation  suffisamment  bref 
(moms  de  60  secondes)  pour  que  la  complementarity  soit  tres  grande  avec  la 
centrale  inertielle  (erreurs  de  valeur  typique  de  plusieurs  centaines  de  metres, 
temps  de  correlation  de  plusieurs  dizaines  de  minutes) 


•  des  erreurs  en  forme  d'echelons,  principalement  dues  a  une  "commutation"  sur  les 
satellites  selectionnes  pour  faire  le  point.  Ordre  de  grandeur:  10  a  50  metres.  Ce 
phenomene,  non  lineaire  par  nature,  est  extremement  genant  pour  le  filtre,  qu'il 
"insult  en  erreur".  II  necessite  la  mise  en  place  d'un  test  de  rejet  de 
1 '  o iservation  en  entree  du  filtre,  si  de  tels  "sauts"  se  produisent.  Le  filtrage 
est  ainsi  interrompu  automatlquement  lorsque  le  saut  depasse  un  certain  3euil,  le 
temps  d'estimer  la  variation  du  biais  de  position  GPS.  Cette  estimation  e3t 
realisable  en  exploitant  la  bonne  complementari te  de  l'inertie  et  du  GPS. 


•  de3  erreurs  en  forme  de  "rampes"  de  position,  principalement  dues  a  l'evolution  de 
la  configuration  geometrique  de3  satellites  et  du  GDOP  correspondent .  Ce  sont  les 
erreurs  les  plus  genantes,  car  traduites  en  terme3  d'erreur  de  vitesse,  elles 
peuvent  devenir  comparables  aux  erreur3  correspondan tes  d’une  centrale  inertielle, 
et  "devoyer"  le  filtre  de  Kalman.  Heureusement ,  leurs  ordres  de  grandeur  3emblent 
tolerables  (moins  de  0,1  m/s  habituellement )  tant  qu’on  fonctionne  avec  des  GDOP 
inferieurs  a  10.  Mais  le  danger  exi3te  pourtant,  et  il  faut  egalement  mettre  en 
oeuvre  des  tests  de  rejet  en  entree  de  la  centrale  inertielle,  suffisamment 
severes  pour  reduire  au  maximum  les  risques  de  "pollution". 


D’ailleurs,  le  recepteur  GPS  lui-meme  fournit,  en  meme  temps  que  1 ' information 
quantitative  de  position,  des  signaux  qualitatifs  de  fonctionnement  qu'il  faut  savoir 
utillser  a  bon  escient.  Dans  notre  cas  precis  (voir  figure  7),  il  s'agissait  de: 


la  Figure  de  Merite  (FOM)  qui  fournit  non  seulemert  un  indice  de  qualite  de  la 
position  GPS  sous  la  forme  d'un  chiffre  de  1  a  9  (chacun  correspondant  a  une 
fourchette  d'erreur  de  position),  mais  egalement  des  bits  d'etat  de  la  reception  GPS, 
et  des  bits  de  panne  et  de  degradation  previsible  de  la  position  (due  a  la 
constellation,  a  un  satellite  defectueux,  a  une  trop  forte  correlation  inertie/GPS 
etc ) 


l'Erreur  de  Position  Estimee  (EPE)  qui  est  une  combinaison  des  covariances  de 
position  du  filtre  GPS  et  de  l'UERE  (User  Equivalent  Range  Error) 


-  les  covariances  d'erreurs  de  position  brutes 


-  les  rapports  signaux/bruit  des  canaux  de  reception 


La  "philosophie"  appliquee  est  qu'il  vaut  mieux  filtrer  lorsque  le  GPS  a  des 
performances  nominales  (la  qualite  de  la  vltesse/sol  obtenue  dans  ce  cas  est 
excellente:  quelques  cm/s),  et  interrompre  le  filtrage  des  que  la  precision  du  GPS  se 
degrade,  ne  serait-ce  que  de  20  m.  Pour  cela,  compenser  les  sauts  de  biais  GPS  lorsque 
c’est  possible,  etreprendre  le  filtrage  des  que  possible  apres  cette  compensation, 
dans  tous  les  cas  ou  le  GPS  retrouve  ses  performances  nominales. 


Etant  donne  la  cadence_  rapide  avec  laquelle  les  informations  GPS  sont  fournies,  les 
indicateurs  de  qualite  GPS  ont  6te  utilises  de  faqon  4  effectuer  une  sorte  de 
pre-filtrage  inertie/GPS  a  haute  frequence  (par  rapport  a  1 ' utilisation  moins  frequents 
qu'en  fait  le  filtre  de  Kalman)  pour  d£tecter  le  plus  t5t  possible  une  degradation  meme 
minime,  et  eviter  ainsi  une  pollution  du  filtre. 
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Outre  la  verification  de  1 ' integrite/validite  du  capteur  GPS,  on  distingue  deux  grandes 
categories  dans  les  tests  effeetues: 


-  ceux  qui  ooncernent  le  GPS:  detection  de  sauts,  rampes  etc 


-  ceux  qui  aont  intrinseques  au  filtrage  de  Kalman:  test  de  vraisemblance  de 
1 ' observation  en  entree  du  filtre,  qui  doit  etre  sensiblement  un  bruit  blanc  a  moyenne 
nulle  (test  a  3  sigma) 


C'est  la  premiere  serie  de  tests  qui  a  ete  la  plus  delicate  a  realiser,  la 
constellation  de  satellites  n'etant  pas  encore  operationnelle  et  stabilisee,  et  les 
donnees  sur  le  comportement  du  GPS  (phenomenes  transitoires  en  des  endroits 
suffisamment  varies)  n'etant  done  pas  tres  abondantes.  Pourtant,  l'etude  a_  montre 
qu'une  fols  bien  regies,  les  tests  permettent  un  fonctionnement  correct  et  coherent  du 
filtre  inertie/GPS  face  a  ces  phenomenes  transitoires. 


.  3-  Developpement  du  filtre  de  Kalman  inertie/GPS 


Depuls  la  fin  des  annees  I960,  la  SAGEM  a  developpe  une  famille  de  filtres  de  Kalman, 
et  en  particulier  des  filtres  "inertie/observations  de  position".  Le  filtre  inertie/GPS 
dont  il  est  question  lei  est  une  variante  de  ces  derniers,  caracterisee  par  les 
particularity  suivantes: 


plus  haute  resolution  des  positions,  vitesses,  et  autres  parametres  du  filtre,  etant 
donne  la  precision  demandee  (decametrique) 


problemes  de  datation/synchronisation  entre  inertie  et  GPS,  a  3oigner 
particulierement  pour  la  meme  raison 


algorithmes  de  factorisation  de  la  matrice  de  covariance,  assurant  une  meilleure 
stabilite  et  precision  du  filtre 


La  mise  au  point  de  ee  filtre  a  commence  par  une  phase  en  centre  de  calcul  a  partir 
d'une  simulation  de  navigation  hybrlde  inertie/GPS.  Ce  simulateur  est  un  programme 
statistique  de  type  Monte-Carlo,  developpe  par  SAGEM  et  comprenant: 


-  un  generateur  de  trajectoiro  elaborant  les  grandeurs  de  reference 


-  un  modele  de  centrale  inertielle  aussi  complet  que  possible  du  point  de  vue  des 
erreurs  de  composants  et  sy3teme 


-  un  simulateur  simplifie  de  la  constellation  GPS  et  du  recepteur  (calcul  du  point 
GPS),  chacun  de  ces  segments  etant  entache  d'erreurs 


-  un  modele  de  navigation  hybride  optimale 


Ce  simulateur  a  permls  d'effectuer  une  etude  de  sensibilite  du  filtre  a  certaines 
composantes  de  l'erreur  de  position  du  GPS,  ainsi  qu'une  etude  de  performances 
(simulations  statistiques  du  type  Monte-Carlo).  Dans  ce  dernier  cas,  la  partie 
trajectoire  des  scenarios  etait  identique  (dynamique  du  porteur) ,  et  la  difference 
apparaissait  au  niveau  de  1 ' enchainement  des  periodes  de  disponibilite  du  GPS 
(l’hypothese  de  la  discontinuity  etant  posee  au  depart).  On  a  ainsi  voulu  determiner 
des  parametres  tels  que: 


la  duree  minimale  de  filtrage  pour  obtenir  la  performance  de  vitesse  specifiee 


-  l'influence  sur  le3  performances  de  la  repartition  des  periodes  de  filtrage  au  cours 
de  la  mission 


-  le  profil  de  la  degradation  au  cours  du  temps  des  performances  apres  disparition  du 
GPS 


A  la  fin  de  la  mise  au  point  du  filtre  en  laboratolre,  l'etude  de  performances  a 
conduit  aux  conclusions  suivantes  (voir  figure  8): 


-  avec  un  recepteur  GPS  code  P,_  le  filtrage  inertie/GPS  permet  d'atteirire  rapidement 
la  qualite  de  vitesse/sol  specifiee  en  quelques  minutes,  meme  apres  une  longue 
navigation  en  inertie  pure;  mais  la  "memoire"  de  cette  bonne  qualite  de  vitesse  est 
perdue  aussi  rapidement  qu'elle  est  acquise,  si  on  revient  trop  rapidement  en  inertie 
pure 
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-  pour  obtenir  plus  durablement  et  au  bon  moment  la  precision  de  vitesse/sol  specifiee, 
le  mieux  est  de  proceder  a  un  filtrage  d'une  duree  de  l’ordre  de  40  minutes  juste 
avant  la  phase  tactique  effectuee  en  inertie  pure 


-  un  filtrage  intervenant  en  debut  de  mission  n'apporte  que  peu  d ' ame liorat ion  en 
qualite  de  vitesse  ;  1 ' ameliorat ion  commence  a  devenir  sensible  si  le  filtrage 
intervient  apres  une  fraction  significative  de  periode  de  Schuler  (par  exemple  1  heure, 
la  periode  de  Schuler  valant  84  minutes);  le  filtrage  apporte  1 ' amelioration  la  plus 
durable  s'il  peut  s'etendre  sur  plus  de  deux  periodes  de  Schuler  (la  centrale  qui  passe 
alors  en  inertie  pure  est  presque  aussi  precise  que  si  elle  avait  termine  depuis  peu 
son  alignement  au  sol) 


Apres  cette  phase  de  simulation,  on  est  passe  a  l'ecriture  (en  assembleur)  et  a  la 
validation  sur  banc,  du  logiciel  embarque  de  filtrage  de  Kalman  inertie/GPS.  Le 
calculateur  hote,  bien  que  de  puissance  relativement  modeste  (350  kops),  n'a  vu  sa 
charge  de  calcul  augmenter  que  de  10  %  environ.  Le  volume  additionnel  de  memoire 

represente  moins  de  4  kmots  de  16  bits. 


4.4-  Resultats  d'essals  en  vol  inertie/GPS 


4.4.1-  Conditions  d'essai3 

Commences  en  octobre  1985,  a  bond  d'une  Caravelle  du  Centre  d'Essais  en  Vol  de 
BRETIGNT,  les  essais  en  vol  on„  connu  trois  phases  distinctes: 


Premiere  phase:  Evaluation  du  recepteur  GPS  Magnavox  bi-canal,  mis  a  disposition  par 
les  services  officiels  fin  aout  1985;  le  recepteur  est  utilise  de  faqon 
autcnome,  pour  en-'egistrement  au  sol  et  en  vol  des  signaux  permettant 
de  valider  et  d'affiner  le  modele  d'erreurGPS  pris  en  compte  dans  le 
filtre,  et  les  reglages  qui  en  sont  la  consequence 


Deuxieme  phase:  Mise  au  point  en  vol  des  reglages  du  filtre,  et  surtout,  des  tests 
d ' acceptation/re jet  des  informations  GPS;  verification  des  performances 
predites  par  les  simulations,  sur  certains  scenarios  caracteristiques 


Troisieme  phase:  Le  filtre  etant  regie  de  faqon  optimale  suite  aux  essais  precedents, 
evaluation  des  performances  par  les  Services  Officiels  franqais 


L ’ installation  d'essais  en  vol,  conforme  au  schema  de  la  figure  9,  coroportait: 


-  un  systeme  inertiel  de  navigation  ULISS  46  de  SAGEM,  de  la  classe  1  Nm/h ,  mis  en 
oeuvre  par  son  Poste  de  Commande  et  de  Navigation  (PCN),  et  relie  a  une  centrale 
aerodynamique  Crouzet 


-  un  recepteur/processeur  GPS  bi-canal  Magnavox  (RPU-2)  connecte  a  une  antenne  a 
diagramme  de  reception  fixe,  et  mis  en  oeuvre  par  son  Poste  de  Commande  et  de 
Navigation.  L'assistance  technique  etant  assuree  par  la  societe  TRT. 


Centrale  inertielle  et  recepteur/processeur  GPS  s'echangent  des  informations  par  deux 
bus  ARINC  a  10  kbit/s.  Un  enregistreur  et  une  horloge  precise  faisant  partie  de 
1 '  installation  de  l'avion  d'essais  oompletent  le  dispo3itif,  auquel  il  faut  en  outre  un 
systeme  de  reference  (en  d'autres  termes  un  "etalon"  de  navigation)  pour  evaluer  la 
precision  en  temps  reel.  Ce  systeme  de  reference  est  un  dispositif  TRIDENT  III 
utilisant  quatre  balises  au  sol,  et  fournissant  la  position  avec  une  erreur  de  l'ordre 
de  5  m  a  1  sigma.  Le  meme  systeme  de  reference  fournit ,  mais  en  temps  differe 
3eulement,  la  vitesse/sol,  qui  est  obtenue  par  hybridation  de  la  position  TRIDENT  et  de 
la  navigation  inertielle  de  reference  fournie  par  une  autre  centrale  SAGEM, 
1 '  ;L 1 33-45-R  ,  qui  fait  partie  de  1 '  instal lation  avion. 


-  Scenarios  de  vols  d'essais 


'.'86,  14  vols  ont  ete  recenses,  appartenarit  a  deux  types  principaux. 


-y  *  age  inertie/GPS  durant  tout  le  vol 

:■  i  ra.itie  de3  vols,  generalement  les  plus  courts  (2  h  a  3  h  30).  Au  retour 
la  centrale  inertielle  sur  le  mode  "inertie  pure",  et  on  observe 
....  -f-r-urs  du  vitesse  au  point  fixe. 


•  •  •  .  e  '  IPS  intermittent  en  vol 

-  ■  •  le  i  aproduire  les  scenarios  d'etude,  on  fait  intervenir  le 

:  -in*  e-  pour  une  duree  donnee.  Le  passage  en  iner tie%  pure ,  apres 
•-  f « .  •  lone  generalement  en  vol,  et  se  prolonge  apres  le  retour 

■  -  '  ■  '  vm  ■  r  '  . 
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4.4.3-  Deroulement 


Les  vols  dont  il  est  rendu  compte  appartiennent  a  la  phase  de  mise  a_u  point  du 
filtrage,  et  correspondent  done  a  un  etat  evolutif  du  logiciel  qui  se  ^prete  mal  aux 
traitements  statistiques  :  en  fait,  chaque  vol  est  un  cas  d'espece,  necessitant  une 
interpretation  qu'il  serait  trop  long  de  developper  iei. 


On  est  done  amene  a  representer  les  resultats  de  ces  essais  en  vol  obtenus  en  position 
et  en  vitesse  sou3  forme  de  "portraits-robot" ,  presentes  sur  la  figure  10  et  cotes  de 
valeurs  typiques  determinees ' d'apres  les  derniers  essais  en  vol  et  considerees  comme 
representatives  des  performances  que  l'on  peut  attendre  d'un  tel  couplage. 


4.4.4.-  Resultats  et  commentaires 


Ces  resultats  appellent  les  commentaires  suivants  : 


-  de  fagon  generate,  les  essais  en  vol  ont  pe.rmis  de  verifier  les  performances  obtenues 
en  simulation  ce  qui  montre  la  qualite  des  simulations  et  la  confiance  que  l'on  peut 
leur  accorder 


-  en  mode  survie,  apres  1  h  30,  les  performances  en  position  (0,2Nm)  et  en  vitesse 
(0,25  m/3)  montrent  l'efficacite  du  filtrage  par  la  bonne  estimation  des  erreurs 
inertielles  en  vol  ;  les  performances  ainsi  obtenues  sont  au  moins  aussi  bonnes 

qu'apres  un  alignement  au  sol.  En  y  ajoutant  la  periode  de  navigation  au  30I  en  inertie 

pure,  ce  qui  equivaut  a  3  h  de  survie,  les  performances  en  position  (0,4  Nm)  et  en 

vitesse  (0,35  m/s)  sont  tout  aussi  remarquables  comparees  aux  valeurs  correspondantes 
en_  inertie  pure  (2,8  Nm  en  position  ;  0,7  m/s  en  vitesse)  ce  qui  represente  une 

amelioration  d'un  facteur  2  en  vitesse  et  7  en  position 


-  l'effet  benefique  du  filtrage  inertie/GPS  se  prolonge  bien  apres  la  disparition  du 
GPS  mais  on  peut  souligner  tout  particulierement  la  qualite  des  performances  dans  les 
premieres  minutes  de  survie  :  moins  de  100  ■  et  0,1  m/s  apres  5  mn  de  survie  ;  180  m  et 
0,15  m/s  apres  10  mn 


-  enfin,  les  essais  en  vol  ont  montre  1 ' excellente  qualite  de  la  position  GPS  a  moyen 
et  long  terme  mais  aussi  son  instability  toute  relative  a  court  terme.  Sur  ce  point,  la 
position  hybride  inertie/GPS  ameliore  la  position  GPS,  non  pas  par  reduction  du  biais 
de  l'erreur  de  position  GPS  mais,  a  court  terme,  par  filtrage  des  sauts  et  rampes  de 
position  GPS  et  du  bruit  haute  frequence  du  GPS  (on  passe  de  10-15  m  a  2  m,  bruit 
residuel  sur  la  position  hybride) 


5-  INERTIE/GPS  :  PROGRAMMES  A  VENIR  ET  PERSPECTIVES 


5.1-  Programme  ATL  2  (Atlantique  2eme  generation) 


Au-dela  de  la  phase  expe rimentale  dont  les  resultats  ont  ete  donnes  ci-dessus,  il  e3t 
prevu  pour  la  version  operationnelle  qui  entrera  en  service  fin  1989  une  configuration 
de  systeme  de  navigation  comportant: 


-  deux  centrales  inertielles  ULISS  53,  connectees  au  systeme  d'armes  par  bus  numerique 
"Digibus"  a  1  Mbit/s 


-  un  recepteur  GPS  bicanal,  format  3/8  ATR,  "dialoguant"  avec  les  deux  centrales 
inertielles  par  bus  ARINC  a  10  kBits/s  (ARINC  575/429)  fourni  par  la  societe  TRT 


-  filtre  de  Kalman  inertie/GPS  execute  dans  les  deux  centrales  inertielles 


Il  faut_  noter  que  l'ensemble  d'une  centrale  inertielle  et  du  recepteur  GPS  (meme 
"partage"  entre  les  deux  centrales)  est  considere  comme  une  "entite  navigation" 
fournissant  un  point  et_  une  vitesse  optimaux  au  "raonde  exterieur",  et  qu'au  sein  de 
cette_  entite,  la  segregation  des  fonctions  est  nette.  Le  GPS  fournit  un  "point 
radioe lectrlque"  lorsqu'il  le  peut,  et  on  ne  lui  demande  en  aucun  cas  d'assurer  la 
continuity  qui  est  le  propre  d'une_  navigation  a  l'estime.  La  centrale  inertielle,  pour 
sa  part,  assure  cette  navigation  a  l'estime,  et  fournit  en  permanence  une  "navigation 
inertielle  pure"  non  sujette  a  pollutions  externes.  En  outre,  elle  fournit  les 
resultats  de  l'hybridation  inertie/GPS,  et  les  indices  de  qualite  de  cette  hybridation 
(1).  Dans  cette  philosophie  de  fonctionnement ,  il  est  exclu  par  exemple  que  le 
recepteur  GPS  puisse  fournir  une  pseudo-information  de  position  qui  serait  le  resultat 
de  1 ' observation  de  deux  satellites  seulement,  completee  par  les  informations  de 
position  inertielle:  l'ensemble  risquerait  alors  de  devenir  divergent  par 
"autosuggestion" . 
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II  est  probable  que  cette  philosophie,  bien  adaptee  au  cas  des  avions  de  patrouille, 
s’appliquera  aussi  aux  futurs  avions  de  transport  ou  de  surveillance  lointaine,  quand 
le  moment  sera  venu. 


(1)  L ' hybridation  est  par  ailleurs  utilisee  comme  moyen  de  calibration  a  long  terme  des 
biais  de  composants  inertiels,  et  aide  a  la  maintenance  preventive. 


5 . 2-  Inertie/GPS  dans  les  avions  d'armes  futurs 


II  n'est  possible,  a  ce  stade,  de  traiter  de  ce  sujet  que  sous  forme  de  considerations 
sur  les  architectures  avioniques  souhaitables  en  fonction  des  missions  de  ces  aeronefs, 
et  de  leur  acces  ou  non  au  GPS  code  P.  En  tout  etat  de  cause,  une  centrale  inertielle 
au  minimum,  qu'elle  soit  de  moyenne  ou  haute  precision,  equipe  tous  les  avions  d'armes 
modernes.  Dans  certains  cas  ou  la  fiabilite  operationnelle  est  vitale  (haute 
probability  de  reussite  d'une  mission,  generalement  air/sol),  la  centrale  inertielle 
est  doublee.  Le  mode  secours ,  qui  ne  garantit  pas  l'execution  de  la  mission,  mais 
assure  le  retour  a  la  base,  est  assume  par  l'horizon  de  planche  de  bord,  et 
eventuellement  par  un  couple  "gyroscope  de  verticale/gyroscope  directionnel" ,  qu'on 
aurait  tendance  dans  les  solutions  modernes  a  remplacer  „par  une  centrale 
"pseudo-inertielle"  parfois  appelee  "centralette" .  Quels  peuvent  etre  ies_  apports  et 
les  changements  induits  par  l'apparition  du  GPS  dans  1 ' architecture  ainsi  decrite  ? 


5.2.1-  Inertie  moyenne  precision  +  GPS  =  inertie  haute  precision  ? 


C'est  la  "philosophie"  decrite  ci-dessus  pour  l'ATL  2.  Le  probleme  essentiel,  ici,  est 
que  "le  mieux  ne  devienne  l'ennemi  du  bien",  au  cas  ou  l'inertie  haute  precision 
"synthetique"  ainsi  obtenue  serait  moins  "robuste"  que  l'inertie  de  ba3e.  Ceci 
essentiellement  a  cause  des  dangers  de  pollution  de  la  navigation  hybride  par  des 
informations  GPS  marginales.  II  semble  done  indispensable  d'organi3er  le  logiciel  de 
telle  sorte  que  le  mode  "inertie  pure"  soit  toujours  preserve,  en  parallele  avec  le 
mode  inertie  hybridee.  II  pourra  alors  servir  de  "secours",  en  cas  de  "pollution" 
reconnue  a  posteriori.  Ce  type  d ' organisation  logicielle,  facile  dans  le  cas  d'une 
centrale  inertielle  a  axe3  de  cardan,  demande  davantage  d'effort  des  gu'il  s'agit  d'une 
centrale  "strap  down".  Cela  conduit  en  effet  a  dupliquer  (tres  partiellement , 
cependant)  l'execution  de  certains  logiciels  rapides  de  la  mecanisation  inertielle. 
Mais  la  securite  accrue  ainsi  obtenue  compense  largement  la  penalite  encourue  en  charge 
de  calcul. 


5.2.2-  "Pseudo-inertie"  +■  GPS  =  "inertie  de  secours"  ? 


Cette  "equation"  exprime  une  autre  possibility  d ' introduction  du  GPS  dans  l'avionique 
de  navigation/attaque .  Elle  consiste  a  supposer  que,  la  centrale  inertielle  basique 
etant  maintenue  dans  sa  fonction  _actuelle ,  il  est  souhaitable  de  la  seconder  par  un 
"hybride  pseudo-inertie/GPS"  plutot  que  de  la  doubler  purement  et  simplement  comme  on 
aurait  tendance  a  le  faire  au  premier  abord.  La  justification  de  cette  solution  doit 
alors  provenir  d'une  comparai3on  per formance/robustesse/cout  par  rapport  a  la  solution 
basique  a  deux  centrales  (voir  §  5.4.  ci-apres).  Par  "robustesse" ,  il  faut  entendre 
principalement  l'aptitude  de  la  centrale  "pseudo-inertielle"  a  resister,  elle  aussi,  a 
une  "pollution"  par  le  moyen  de  radionavigation.  On  peut  penser  que  le  risque  est  ici 
plus  faible  qu'avec  une  centrale  inertielle  vraie...  car  il  faudrait  que  le  GPS 
devienne  bien  mauvals  pour  ne  plus  etre  en  mesure  d'apporter  une  aide  a  _la  centrale 
"pseudo-inertielle".  Neanmoins,  nous  pensons  qu'il  serait  interessant,  raeme  dans  ce 
cas,  de  preserver  dans  le  logiciel  de  cette  dernierc  un  mode  "inertie  pure". 


5.2.3-  Combinai3on  des  approohes  precedentes 

Dans  un  avion  dote  d'une_  centrale  inertielle  et  d'une  "centralette",  il  est 
naturellement  possible  de  realiser  1 '  hybridation  de  — T' une  et  de  l'autre,  ce  qui  rend 
disponibles,  par  ordre  de  performances  decroissantes : 


*  la  performance  maximale,  par  hybridation  d'une  centrale  inertielle  hautes 
performances  et  du  GPS  code  P 

et  en  secours 

•  la  haute  performance,  soit  en  inertie  pure,  soit  en  inertie  moyenne  hybridee 

•  la  moyenne  performance,  soit  en  inertie  pure,  soit  en  "centralette"  hybridee 

*  la  performance  de  type  "pilotage",  par  la  "centralette"  non  hybridee 
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5 . 3-  Cas  de  1 ' aeronautlque  civile 


C'est  ici  qu'est  apparu  le  premier  "standard"  regissant  1  *  integration  inertie-GPS, 
puisque  la  recommandation  ARINC  738  offre  la  possibility  d'un  equipement  ADIRS  (Air 
Data  Inertial  Reference  System)  dans  lequel  une  oentrale  inertielle  moyenne  precision  a 

fyros-laser  est  capable  d'accueillir  les  fonctions  anemo-barometrie  et  recepteur  GPS. 
ien  n’est  dit  cependant  sur  la  solution  a  adopter  "pour  action": 


-  soit  il  s'agit  d'un  recepteur  GPS  complet  "deporte"  (proba^lement  a  proximite  de 
l'antenne),  dialoguant  avec  le  boitier  ADIRS  par  lignes  bus  numeriques. 


-  soit  il  s'agit  simplement  de  l'.ntenne  et  de  son  electronique  immediatement  assoclee, 
envoyant  leurs  signaux  vers  un  je  i  de  cartes  "recepteur  GPS"  implante  dans  le  boitier 
ADIRS 


Tout  ceci  en  est  au  stade  de  provisions  de  fonctions  et  d'espace,  car  le  systeme  GPS 
est  encore  loin  d'etre  considere  comme  autre  chose  qu’un  "appoint"  eventuel  par  le3 
compagnies  aeriennes  et  par  1 ' organisation  de  l'aviatlon  civile  Internationale. 
Pourtant ,  c'est  ce  type  d'equipement  qui  se  prete  le  mieux  aux  analyses  preliminaires 
que  l'on  peut  faire  des  aspects  performances/ couts  d'une  association  inertie/GPS  (voir 
ci-apres).  Concernant  les  redondances,  trois  boitiers  ADIRS  sont  prevus  dans  chaque 
avionj  done  trois  recepteurs  GPS  Incorpores  sont  possibles,  mais  le  nombre  d'antennes 
et  d ' electroniques  associees  sera  probablement  plus  limite. 


5.4-  Aspects  performances/couts 


Ce  point  a  ete  aborde  d'une  maniere  generale  et  parametrique  dan3  un  article  paru  dan3 
les  "AGARD  Conference  Proceedings  No.  360",  sous  le  tltre  "Analyse  combinatoire 
performances/couts  d'un  systeme  autonome  de  navigation  pour  aeronefs".  Nous  donnons 
ci-dessous  quelques  valeurs  numeriques  qui  permettent  d'utiliser  l’article  cite  pour  le 
cas  particulier  du  couplage  inertie/GPS. 


Deux  cas  de  base  s' off rent  a  1' analyse: 


5.4.1-  Systemes  mllltaires 

On  peut  considerer  une  configuration  de  depart  comportant: 

-  une  centrale  inertielle  correspondant  plu3  ou  moins  au  standard  "F3"  (3/4  ATR 

environ),  quelles  qu ' en  soient  les  performances 

-  une  "centralette"  de  la  classe  5  a  10  Nm/h ,  dans  un  volume  identique  au  precedent,  ou 
bien  sensiblement  mo'ie 

-  un  recepteur  GPS  bi-canal,  implante  dans  un  boitier  3/8  ATR 


L'article  de3  AGARD  Proceedings  N°  360  permet  de  situer  la  centrale  inertielle  et  la 
"centralette"  en  rapport^  performances/volume/cout .  Il  suffit,  pour  completer  le 
tableau,  de  dire  que  le  cout  d'un  recepteur  GPS  tel  que  specifie  ci-dessus  se  situe  a 
un  niveau  compris  entre  20  %  et  50  %  du  cout  d'une  "centralette". 


5.4.2-  Systemes  civlls 


La  configuration  de  ba3e  est  celle  d'un  ADIRS  incluant  la  totalite  des  cartes 
electroniques  d'un  recepteur  GPS  bi-canal  code  C/A  (sauf  cartes  asociees  a  l'antenne). 
On  pense  dans  ces  conditions  que  1 '  adjonction  de  la  fonction  GPS  augmente  de  15  %  a 
30  >  le  cout  de  l'ADIRS  de  base,  sans  GPS. 
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Classe  de  performances  des  diffdrentes  centrales  inertielles 


f 

Type  de  centrales 
inertielles 

Pseudo 

inertielles 

Standards 

A 

haute 

precision 

Centrales  inertielles 

position 

6  Nm/h 

1  Nm/h 

0.25  Nm/h 

classiques 

iH 

vltesse 

8  m/s 

1.3  m/s 

0.4  m/s 

6  Nm/h 

1  Nm/h 

0.25  Nm/h 

Centrales  strapdown 

position 

h  gyros-laser 

chemln.  al&ot. 

chemln.  el&at. 

chemln.  elect. 

% 

0.02  °/vTT 

0.004  Wh 

0.002  VVh 

t 

vltesse 

15  m/s 

2.5  m/s 

0.8  m/s 

J 

TABLEAU  I 


SYNERGIE  DES  MOYENS  DE  RADIONAVIGATION 
AVEC  L’lNERTIE 


COMBINAISONS  INERTIE/ GPS 
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1-2  CANAUX 

5  CANAUX 

C/A 

P 

C/A 

P 

AUTONOMIE  GPS 

NON 

NON 

POSSIBLE 

POSSIBLE 

CLASSE 

PLATE-FORME 

POSSIBLE 

MAL 

1 

COUTEUX  ET 

6  NM/h 

STRAP-DOWN 

(D 

ASSORT! 

MAL  ASSORT! 

1 

CLASSE 

PLATE-FORME 

OPTIMAL 

0PTIMAL(2) 

pm 

1 

1  NM/h 

STRAP-DOWN 

0PTlMALf3} 

SUB— 0PT1M. 

CLASSE 

PLATE-FORME 

ACCEPT. 

0PTIMAL(4} 

COUTEUX 

"RICHE"(4) 

0.25  NM/h 

STRAP-DOWN 

HYPOTh 

ETIQUE 

(1)  PRECISION 

(2)  PRECISION 

(3)  PRECISION 

(4)  PRECISION 


100m.  3m/s.  MAIS  "ECLIPSES"  POSSIBLES 
20m,  0.3m/s,  MEME  SI  GPS  INTERMITTENT 
100m,  0.6m/s,  MEME  SI  GPS  INTERMITTENT 
20m,  0.15m/s,  MEME  SI  GPS  INTERMITTENT 


TABLEAU  3 


Applications  inert ie  /  GPS  possibles 


GPS  monocanal  C/A 
monofrequence 

GPS  blcanal 
monofrequence  C/A 
bl  frequence  bicode 

GPS  5  canaux  1 
bifrequence  bicode  I 

Strapdown  bas  de 
gamme  (6S0) 

Perf:  3  3  10  Nm/h 

h611copt0re 

heilcoptere 

ou 

superflu 

H 

Strapdown 
gyrolaser 
Perf.  civile  : 

0.7  Nm/b 

aviation  civile 

aviation  civile 

HI 

Perf.  mllltatres 

0.7  i  1  Nm/h 

transport/patroullle 

transport  / 
combat  polyvalent 

combat/appllcatlons| 
alr/sol  precises  | 

Ptateforme 

Inertlelle 

1  Nm/h  ,  1  m/s 

transport/patroullle 

transport  / 
combat  polyvalent 

combat/appllcatlonsg 
alr/sol  prectses  1 
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COMMUNICATION,  NAVIGATION,  AND  SURVEILLANCE  SERVICES 
FOR  THE  AVIATION  INDUSTRY  USING  SATELLITE  TECHNOLOGY 


by 
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Aeronautical  Radio,  Inc.  (ARINC) 
2551  Riva  Road 
Annapolis,  MD  2 1 40 1 ,  US  A 


BACKGROUND 


The  operators  of  aircraft  over  oceans  and  land  Basses  remote  froa  large  population  centers  have 
long  had  a  requirement  for  a  reliable,  static  free  communications  system  capable  of  supporting 
air  traffic  and  company  operational  control.  Prior  to  the  launch  of  Sputnik  1  in  October  1957, 
no  technology  existed  which  was  capable  of  fulfilling  this  requirement.  The  potential  inherent 
in  the  practical  realization  of  the  ability  to  orbit  artificial  satellites  was  almost 
immediately  seized  upon  by  the  aviation  community.  Pan  American  World  Airways  first  relayed 
teletype  and  voice  communications  from  an  aircraft  in  flight  on  the  VHP  telemetry  and  command 
channels  of  the  Syncom  3  satellite  late  in  1964.  These  tests  were  conducted  using  a  freighter 
aircraft  equipped  with  breadboard  avionics  and  side-looking  window  antennas  and  modified  nose 
radomes.  More  tests  followed,  once  again  at  VHP,  but  this  time  using  the  NASA  Application 
Technology  Satellites  Nos  1  (Pacific)  and  3  (Atlantic).  These  tests  showed  such  promise  that 
the  Airlines  Electronics  Engineering  Coximittee  ( AEEC )  prepared  airline  industry  form,  fit, 
and  function  standards  for  VHP  satellite  communications  system  avionics  (ARINC  Characteristic 
566,  published  October  17,  1968)  and  Boeing  equipped  many  production  B747  aircraft  with  the 
necessary  antenna.  A  public  demonstration  of  the  prototype  version  of  this  system  at  the  AEEC 
general  session  held  in  Miami  Beach  in  May  1968  convinced  many  people  that  satellite 
communications  for  commercial  aircraft  were  here  to  stay. 

In  parallel  with  this  practical  work ,  the  world's  aviation  regulatory  agency' s  communications 
specialists  gathered  under  the  auspices  of  the  International  Civil  Aviation  Organization 
(ICAO)  to  define  the  system  standards  deemed  necessary  to  use  satellite  communications  in 
international  civil  aviation .  This  effort  began  in  1966  at  the  ICAO  Comm/Ops  Division  meeting , 
following  which  an  ICAO  technical  panel  known  as  ASTRA  (Application  of  Space  Techniques 
Relating  to  Aviation)  was  formed.  The  items  of  reference  of  the  ASTRA  panel  were: 

a)  To  identify  these  space  techniques  which  could  be  applied  to  meet  established  and 
foreseen  world-wide  operational  requirements  for  International  Civil  Aviation. 

b)  To  identify  these  applications  of  space  technologies  which  offer  Improvements  in  its 
safety,  regularity,  and  efficiency  of  international  air  operations  more  economically 
than  can  be  realized  by  non-space  techniques,  and  the  dates  by  which  the  techniques 
concerned  would  be  sufficiently  developed  for  practical  application,  together  with  a 
statement  of  the  related  desired  system  characteristics. 

The  panel,  which  met  for  the  first  time  in  November  1968,  at  once  became  embroiled  in 
controversy  over  system  operational  requirements,  including  navigation  and  surveillance 
capabilities  for  which,  at  that  time,  the  airlines  could  identify  no  need.  Subsequently,  a 
greater  controversy  arose  over  the  subject  of  its  frequencies  to  be  used  for  the  aircraft-to- 
satellite  and  satellite-to-aircraft  RF  links.  The  airlines  favored  VHF,  which  their 
experiments  had  shown  could  provide  reliable  communications  for  a  relatively  modest 
investment  in  avionics,  while  the  provider  agencies  favored  L-band.  In  1971,  despite  the 
objections  of  the  airlines,  the  ICAO  Air  Navigation  Commission  adopted  a  resolution  indicating 
that  1540-1660  MHz  was  the  preferred  band  for  aviation  system  development.  While  not  strictly  a 
recommendation  of  the  ASTRA  panel,  being  more  a  statement  of  unsubstantiated  opinion  of  a 
majority  of  panel  members,  this  resolution  was  subsequently  adopted  by  the  ICAO  Council. 

It  should  be  noted  that  around  this  same  time,  the  U.S.  Office  of  Telecommunications  Policy 
(OTP)  declared  its  support  for  this  L-band  alternative  and  committed  u.S.  resources  to 
pursuing  it.  A  series  of  ministerial  meetings  between  the  u.S.  and  several  other  European  and 
Asian  states  (conducted  outside  the  framework  of  ICAO)  resulted  in  a  Memorandum  of 
Understanding  to  implement  a  "preoperatonal"  program  known  as  "Aerosat."  This  program 
involved  launching  six  satellites,  providing  appropriate  oceanic  air  traffic  control  centers 
and  developing  and  procuring  avionics.  The  Aerosat  program  was  conceived  without  the 
participation  of  the  airlines,  and  was  prosecuted  despite  the  express  concerns  of  these  future 
users  of  the  system,  who  would  ultimately  bear  its  costs.  In  the  end,  the  airline  opposition 
forced  the  U.S.  to  withdraw  from  the  program,  and  the  program  was  abandoned.  This  lesson  of 
history  should  not  be  forgotten. 

Other  than  some  purely  national  activities  that  continued  after  the  collapse  of  Aerosat, 
nothing  further  happened  until  recently  when  the  International  maritime  communications  agency 
INMARSAT  decided  that  its  second-generation  satellites,  due  for  launch  in  1988,  should  provide 
transponders  operating  in  the  lowest  1MHz  of  the  aeronautical  mobile  satellite  service  L-band 
frequencies  adjacent  to  the  maritime  band  and  ICAO  established  its  special  committee  on  Future 
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Mr  Navigation  Systems  (PANS).  This  committee  was  charged  with  determining  the  requirements 
for  the  systems  to  be  used  for  communications,  navigation,  and  surveillance  (CNS)  well  into  the 
next  century  and  almost  at  once  determined  that  these  systems  should  be  satellite-based.  Past 
controversies  were  forgotten  as  this  airlines  accepted  L-band  as  the  preferred  frequency  band 
and  worked  with  the  ICAO  states  to  define  CNS  operational  requirements.  This  work  is 
cont inu ing . 

In  a  related  field,  ARINC  introduced  an  air-ground  digital  data  link  service,  known  as  ACARS , 
in  1978.  Characteristics  of  the  ACARS  system  were  defined  through  the  deliberations  of  the 
Airlines  Electronics  Engineering  Committee  (AEEC),  which  resulted  in  the  international 
standards  set  forth  in  ARINC  Characteristics  597  and  724.  Presently,  the  great  majority  of 
the  u.S. -based  airline  fleet  is  equipped  with  ACARS  avionics,  and  installations  on  a  world¬ 
wide  basis  are  proceeding  rapidly  as  cor responding  ground  stations  are  being  installed  by 
ARINC  and  SITA.  The  economic  and  operational  benefits  of  a  rapid,  error-free  and  low-cost 
communications  capability  are  being  realized  by  the  aviation  community. 


AERONAUTICAL  RADIO,  INC.  AND  AVIATION  COMMUNICATION 

From  its  earliest  beginnings  the  air  transport  industry  has  recognized  the  importance  of  good 
communications  to  the  provision  of  safe,  efficient,  and  low-cost  services  to  its  customers. 
These  include  intra-airline  communications  to  facilitate  public  contact  with  the  industry  as  a 
whole  and  the  communications  needed  between  aircraft  in  the  air  and  the  ground  agencies  that 
provide  the  separation  assurance  services  known  as  air  traffic  control. 

In  1929,  the  pioneer  airlines  formed  their  own  specialized  aeronautical  communications 
company.  Aeronautical  Radio,  Inc.  (ARINC),  to  provide  these  services  on  an  industry-wide 
basis.  The  company's  basic  purpose  has  remained  unchanged  since  that  time,  although,  of 
course,  the  scope  of  its  services  and  the  technologies  used  to  deliver  them  have  changed 
dramatically.  ARINC  is  a  not-for-profit  corporation  whose  principal  stockholders,  the 
scheduled  airlines  of  the  U.S.,  are  also  its  principal  customers.  Its  services,  however,  ate 
available  to  all  aircraft  operators,  large  and  small,  U.S.  and  non-U. S.,  scheduled  and 
supplemental,  business,  private,  and  government .  Its  costs  are  recovered  from  operators  on  the 
basis  of  use. 

Of  special  interests  in  the  context  of  this  paper  are  ARINC's  air-ground  communications 
services.  These  comprise  VHP  voice  and  data  transfer  services  between  air  and  ground  over  much 
of  North  America  and  HF  voice  communications  world-wide.  The  voice  services  are  used  for 
aircraft  operational  control  and,  in  oceanic  areas  for  which  the  FAA  has  separation  assurance 
responsibility,  for  the  communications  necessary  for  air  traffic  control .  The  VHF  data  link  is 
used  for  company  operational  control  and  administrative  message  transfer  in  accordance  with 
FCC  and  ITU  regulations  governing  spectrum  use  for  such  services. 

Despite  tremendous  advances  in  the  state-of-the-art  of  HF  communications  over  the  years,  this 
service  cannot  provide  the  performance  needed  to  support  economic  over -ocean  air  transport 
operations  as  they  are  evolving.  The  need  to  minimize  cost  demands  closer  aircraft  separations 
in  order  to  place  more  aircraft  on  optimum  tracks.  This,  in  turn,  demands  more  effective  air 
traffic  control,  the  elements  of  which  are  improved  communications,  navigation,  and 
surveillance.  Note  the  addition  of  improved  navigation  and  surveillance  to  the  "operational 
requirements."  In  the  1960s  and  '70s  the  airlines'  emphasis  was  on  improved  communications 
only. 

ARINC  has  been  in  the  vanguard  of  the  air  transport  industry's  involvement  in  the  application 
of  satellite  technology  to  air-ground  communications  since  those  early  experiments  mentioned 
at  above. The  Corporation  provided  ground  terminal  facilities  at  its  Annapolis,  Maryland 
headquarters  and  elsewhere  for  the  HF  links  with  the  ATS  satellites  and  participated  with  the 
airlines  in  all  the  international  discussions  that  preceded  the  abortive  Aerosat  program. 
Since  then,  ARINC  has  been  involved  in  similar  international  discussions  aimed  at  defining  the 
technologies  needed  for  enhanced  over-ocean  air  traffic  control,  from  which  the  ICAO  FANS 
Committee  has  emerged.  The  result  of  all  this  is  that  it  is  now  positioned  to  offer  satellite- 
based  services  capable  of  meeting  the  needs  being  defined  by  FANS  and  its  air  transport 
industry.  These  services  can  be  available  at  costs  expected  to  be  considerably  lower  than 
those  of  the  common  carrier  who  also  are  interested  in  providing  such  services. 

THE  AVIATION  INDUSTRY  SATELLITE  CNS  SYSTEM 

In  mid-1985,  the  air  transport  industry,  through  ARINC's  Board  of  Directors,  instructed  the 
Corporation  to  design  and  plan  for  the  implementation  of  an  integrated  satellite  system  and 
companion  integrated  avionics  to  provide  air  traffic  control,  company  operational  control, 
aeronautical  administrative  and  private  correspondence  communications;  navigation 
capability  for  enroute  operations,  and  support  for  independent  cooperative  surveillance. 
"Private  Correspondence*  is  the  industry's  name  for  an  air-ground  passenger  telephone 
service . 

Consideration  of  private  correspondence  at  this  point  is  important.  The  airlines  believe  that 
there  is  a  public  demand  for  a  reliable,  efficient  and  low-cost  air-ground  telephone  service 
for  passengers.  While  experimental  systems  introduced  into  service  in  the  u.S.  may  not  yet  have 
reached  the  levels  of  utilization  predicted,  this  is  due  to  their  limited  availability  rather 
than  a  lack  of  demand.  Telephones  are  just  not  encountered  often  enough  on  airline  aircraft  for 
passengers  to  regard  them  as  the  norm  and  make  routine  use  of  them.  The  airlines  are  convinced 
that  this  attitude  will  change  as  aircraft  equipage  and  service  quality  rise,  and  that  a 
satellite-based  system  is  economically  viable.  If  appropriate  measures  are  taken  to  ensure 
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that  passenger  telephone  utilization  produces  no  compromises  to  safety-related  services, 
these  services  can  be  provided  at  very  small  marginal  cost.  This  approach  is  at  the  heart  of 
ARINC's  system  design. 

The  airlines'  needs  for  the  full  range  of  CNS  services  cannot  be  fulfilled  until  satellites 
having  greater  capacity  than  presently  available  are  placed  in  orbit.  Existing  satellites  can 
be  used,  however,  to  support  a  data-entry  communications  service.  ARINC's  program  envisages 
offering  such  a  service  at  an  early  date  (raid-1987)  as  an  interim  step  along  the  way  to  the  full- 
service  system.  The  interim  system  will  be  designed  as  a  sub-set  of  the  full  system  so  that 
airlines  will  not  be  faced  with  extensive  aircraft  equipment  changes  when  the  full  system  is 
available.  As  planned,  adding  capability  to  its  digital  elements  of  the  avionics  will  be  all 
that  is  required.  The  aircraft  antenna  system  and  the  RF  avionics  can  remain  the  saoe . 

The  satellite  data-only  service  is  essentially  an  extension  of  ARINC's  VHP  line-of-sight  data 
link  ACARS  (ARINC  Communications  Addressing  and  Reporting  System)  into  the  over-ocean  and 
remote  land  environment  by  means  of  the  satellite  RF  link.  It  is  thus  referred  to  as  the 
"International  ACARS"  service. 

On  the  ground.  International  ACARS  will  make  use  of  the  digital  message  switching  system  that 
currently  supports  terrestrial  ACARS  and  several  other  ARINC  services.  This  system  will 
interface  with  earth  stations  as  necessary  for  communications  with  the  satellites.  In  the 
aircraft,  existing  ACARS  avionics  will  be  modified  to  interface  with  a  satellite  modem  which 
will,  in  turn,  be  connected  to  a  transraitter/receiver  unit  interfacing  with  its  aircraft 
antenna  system.  The  frequencies  used  will  be  1535  -  1559  MHz  for  the  satellite-to-aircraft  link 
and  1635.5  -  1660.5MHz  for  the  aircraf t-to-satell ite  link.  Each  channel  will  occupy 
approximately  1.5kHz.  This  spectral  occupancy  results  from  the  use  of  a  2400  bits/second 
transmitted  signal  and  a  2  bits/hertz  MSK  modulation  method .  It  includes  a  0 . 3KHz  guardband  per 
channel . 

The  outbound  signal  to  the  aircraft  is  a  continuous  TDM  broadcast  stream.  This  provides  a 
"beacon*  for  aircraft  antenna  pointing,  keeps  the  aircraft  demodulator  locked  for  immediate 
message  access  to  the  modulator,  prevents  the  possibility  of  outbound  message  blockage  and 
eliminates  message  delay  due  to  modem  acquisition  time. 

The  inbound  signal  from  the  aircraft  operates  in  a  burst  mode.  The  access  protocol  used  when  the 
system  is  lightly  loaded  resembles  "slotted  -  ALOHA."  As  the  system  becomes  more  heavily 
loaded,  the  protocol  provides  for  progressive  burst  timing  reservation  to  limit  the 
probability  of  blockage. 

International  ACARS  is  compatible  with  all  existing  L-band  satellite  transponders  operating 
in  the  frequency  bands  noted.  The  system  design  is  predicated  on  the  use  of  an  aircraft  antenna 
system  capable  of  providing  essentially  complete  coverage  of  the  hemisphere  above  the  aircraft 
with  a  minimum  gain  of  7dBiC. 

The  name  AvSat  has  been  given  to  the  full-capacity  aviation  satellite  system.  AvSat  will 
operate  in  the  allocated  Aeronautical  Mobile  Satellite  Service  (AMSS)  frequency  band  1545  - 
1559  MHz  (satellite-to-aircraft)  and  1646.5  -  1660.5  ( ai r craf t-to-satel 1 i te ) .  voice 
communications  will  be  digitized  and  integrated  with  data  communications.  In  order  to  achieve 
the  required  volume  of  communications  in  the  spectrum  available,  the  system  will  employ 
frequency  re-use  obtained  by  utilizing  satellites  capable  of  providing  spot  beams  rather  than 
global  coverage.  Nineteen  beams,  each  of  3.5  degrees  width,  will  provide  for  frequency  re-use. 
Additionally,  the  spot  beam  technology  will  permit  the  optimal  use  of  the  satellite's  RF  power 
resource . 

The  system  will  allow  direct  access  by  multiple  earth  stations  by  means  of  TDM/TDMA  techniques. 
A  single  aircraft  may  have  as  many  as  six  communications  channels  with  the  ground  operating  at 
any  one  time  using  a  single  transceiver.  An  all-digital  voice  and  data  system  will  take 
advantage  of  the  flexibility  of  today's  electronics  advances. 

Using  an  aircraft  antenna  system  having  the  coverage  and  minimum  gain  desired  above  for 
international  ACARS,  AvSat  will  provide  all  the  voice  and  data  communications  foreseen  to  be 
needed  to  support  aircraft  operations  well  into  the  next  century.  The  data  communications 
capability  includes  that  necessary  for  automatic  dependent  surveillance,  in  which  position 
and  other  pertinent  information  derived  and  verified  on  board  the  aircraft  in  employed  on  the 
ground  for  monitoring  air  traffic  movements  and  maintaining  safe  separation.  The  system  design 
also  permits  data  to  be  derived  from  the  satellites  upon  which  surveillance  can  be  based,  if 
this  is  eventually  desired. 

With  an  AvSat  system  having  the  capacity  and  other  attributes  required  for  communications  and 
surveillance  functions,  concomitant  navigation  functions  can  be  provided  at  very  low  marginal 
cost.  Intrinsic  to  the  system's  design  is  a  requirement  for  knowledge  of  each  participating 
aircraft's  location,  in  order  to  maintain  continuous  communication;  and  wideband 
transmission,  in  order  to  utilize  efficiently  both  the  available  spectrum  and  costly  satellite 
resources.  Extension  of  these  features  in  conjunction  with  altimetry  will  provide  position¬ 
fixing  accuracies  sufficient  for  enroute  navigation  and  surveillance  requirements,  about  100 
to  200  meters.  This  accuracy  will  degrade  in  a  narrow  zone  located  within  a  few  degrees  of  the 
equator,  and  of  course  cannot  be  obtained  at  latitudes  exceeding  about  +  80  degrees  with 
geosynchronous  satellites;  nevertheless,  the  utility  and  low  cost  of  “this  option  will 
undoubtedly  find  widespread  application. 
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CONCLUSIONS 

■'The  air  transport  industry  is  once  again  gearing  up  to  embrace  satellite  technology.  The 
industry  has  traditionally  provided  its  own  communications  systems  and  services  to  support 
aircraft  operations  and  is  well-positioned  to  continue  this  tradition  into  the  satellite  era. 
International  ACARS  service  will  be  available  in  1987  with  AvSat  services  following  on  some  two 
years  later.  As  before,  many  technical  and  institutional  problems  remain  to  be  solved,  which 
will  prove  very  challenging  for  the  industry.  This  time,  however,  there  is  a  sound  economic 
basis  on  which  to  proceed.  This  makes  the  likelihood  of  meeting  and  overcoming  these 
challenges  very  high,  indeed. 


AD-A132  150  EFFICIENT  CONDUCI  OF  INDIVIDUAL  FLIGHT:  AND  AIR  TRAFFIC 

"  Af"  GRO‘'"  ,'A“  . . . 


-ncla::ified 


OR  ;PT I  HUM  UTILI2.  HI)  ADVISORY  GROUP  FOR  AEROSPACE 
RESEARCH  AND  DEVELOPMENT  NEUILLY .  .  DEC  86  AGARD-CP-410 

F  G  17/7.3 


2/4 


NL 


25-1 


Q. 

I 

Q 

< 


POSSIBLE  CONTRIBUTIONS  FROM  THE  SSR  MODE  S  DATA  LINK 
TO  THE  CONDUCT  OF  EFFICIENT  AIRCAFT  OPERATIONS 


M.  E.  COX 
EUROCONTROL 


72,  rue  de  la  Lol 
1040  Brussels 
BELGIUM 


1.  SUMMARY 


19 


a  i  a 


'•>  <  'ff 
(•  i 


€  i\ h+'if  v 


A-lj ,  90-e  n v 


The  paper  ejti tied  ^ *Data  Link  -  The  Key  to  Improvements  in  Civil  Military  Air  Traffic/* 
Management?  ,  presented  at  the  GCP  Symposium,  Copenhagen,  In  October  1979 ,<5uTHned  a 
number  of  potential  applications  of  a  data  link,  then  known  as  ADSEL/DABS, .and 
referred  to  a  number  of  feasibility  studies  that  were  being  conducted  In  respect  ;  of 
these  applications.  Since  that  date  the  two  systems  (ADSEL/DABS)  have  led  to  the 
emergence.,  of  SSR  Mode  S  which  is  now  being  standardised  for  international  use  through 
ICAO.  A  +-fvr  — 

This  paper  commences  wlTE^a  brief  description  of  the  Mode  S  data  link  characteristics,  ' 
“"'It  theif> recalls  a  number  of  the  applications  proposed  in  1979  and  gives  results  of  the 
studies  conducted  subsequently  on  such  topics  as  the  Controller/Pilot  interfaces  with 
the  link  and  machlne/machlne  data  interchanges  and  their  possible  benefits  to  ATC .  The 
final  sections  discuss  present  plans  for  more  extensive  data  link  evaluations  and  then 
propose  the  initial  steps  that  could  be  taken  in  progressing  from  today's  situation 
towards  a  system  of  control  employing  a  high  level  of  automation. 


2.  LIST  OF  SYMBOLS  AND  ABBREVIATIONS 


A/C 

ADSEL 

ADS 

AERA 

AIDS 

ALT 

ARINC 

ARINC  429 

AT  IS 

ATC 

ATS 

CAS 

CDU 

CRCO 

DABS 

DLAP 

DLPU 

XTIS 

FAA 

FMS 

ICAO 

INS 

ISO 

kt 

r  .f . 

OS  I 

SARPS 

R/T 

SICASP 

SSR 

SSR  Mode  S 

UKCAA 

VHF 

VOLMET 


Aircraft 

Address  Selective  SSR  (UK  development  of  SSR) 

Automatic  Dependent  Surveillance 
Automated  En-Route  ATC 
Airborne  Integrated  Data  System 
Airborne  Link  Terminal 
Aeronautical  Radio  Incorporated  (USA) 

Specification  for  an  aircraft  data  bus 
Automatic  Terminal  Information  Service 
Air  Traffic  Control  (in  general) 

Air  Traffic  Services 
Calibrated  Air  Speed 
Controller  Display  Unit 
Central  Route  Charges  Office 

Discrete  Address  Beacon  System  (US  development  of  SSR) 

Data  Link  Applications  Processor 

Data  Link  Processor  Unit 

Electronic  Flight  Instrument  System 

Federal  Aviation  Administration  (USA) 

Flight  Mangagement  System 
International  Civil  Aviation  Organisation 
Inertial  Navigation  System 
International  Standards  Organisation 
Knot 

Radio  Frequency 

Open  Systems  Interconnection 

(ICAO)  Standards  and  Recommended  Practices 

Radio  Telephony 

(ICAO)  SSR  Improvements  and  Collision  Avoidance  Panel 

Secondary  Surveillance  Radar 

Selectively  Addressed  SSR 

United  Kingdom  Civil  Aviation  Authority 

Very  High  Frequency 

Broadcast  of  meteorological  data  for  aircraft  (voice) 
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3.  INTRODUCTI ION 


In  1979,  at  the  time  of  preparing  ref.  1,  fuel  costs  were  escalating  rapidly  and  ICAO 
had  not  embarked  on  drawing  together  the  developments  in  selectively  addressed  SSH, 
known  at  the  time  In  the  UK  and  USA  as  ADSEL  and  DABS  respectively.  Since  then, 
however,  two  major  changes  have  occurred  s  firstly,  fuel  costs  have  fallen 
significantly  (see  fig.  1)  and,  secondly,  SSR  Mode  S  is  now  being  standardised  for 
world-wide  use  as  a  surveillance  system  with  data  link  communications  capabilities. 
Additionally,  in  the  USA,  the  FAA  has  already  commenced  the  procurement  of  137  ground 
stations  which,  by  1992,  will  be  giving  total  coverage  above  EL  125.  Furthermore,  from 
1987  onwards,  there  will  be  a  growing  requirement  for  airspace  users  to  fit  the  Mode 
S  airborne  equipment.  Doubtless  because  of  the  high  ratio  of  general  aviation 
aircraft  to  commercial  aircraft  in  the  USA,  which  results  In  a  5:1  ratio  In  movements, 
the  major  thrust  of  FAA's  work  on  data  link  applications  Is  Ip  providing  weather 
services,  largely  for  the  benefit  of  general  aviation,  with  Interest  In  ATC  automation 
growing  during  the  1990's.  In  Western  Europe  commercial  traffic  movements  are 
approximately  half  those  In  the  USA,  but  they  represent  about  85%  of  the  movements  In 
controlled  airspace  and  thus  data  link  studies  have  been  more  closely  related  to  the 
operation  of  commercial  aircraft. 

Althoufch  forecasts  of  aircraft  fuel  costs  and  the  number  of  movements  can  and  must  be 
made,  it  will  be  noted  from  fig.  1  that  there  is  a  large  discrepancy  between  present 
fuel  costs  and  those  estimated  by  the  FAA  as  recently  as  1983.  It  is  thus  very 
difficult  to  predict  what  will  be  the  aviation  community's  most  pressing  problem  In 
the  mid  1990  s  -  the  most  probable  period  for  the  Initial  Implementation  of  Mode  S  in 
Europe.  This  could  be  fuel  costs,  excessive  traffic  density  In  certain  locations,  or 
some  other  Issue.  Accordingly,  for  the  purposes  of  this  paper,  which  is  particularly 
related  to  the  scene  Jn  Western  Europe,  any  data  link  applicajlon  will  be  regarded  as 
contributing  to  the  conduct  of  efficient  individual  flights  ,  provided  it  assists  In 
reducing  aircraft  operating  costs,  either  directly,  or  indirectly,  e.g.  by  reducing 
the  costs  of^ATS,  as  ultimately  borne  by  the  aircraft  operator,  either  in  the  form  of 
"user  charges"  or  taxes. 


4.  THE  BASIC  MODE  S  DATA  LINK 


4.1  General 


The  Mode  S  data  link  can  be  considered  as  a  refined  extension  of  the  conventional 
SSR's  capability  used  currently  to  transfer  from  the  aircraft  encoded  4-dlglt 
identifiers  (Mode  A)  and  encoded  altitude  (Mode  C)  in  response  to  ground  requests 
(Interrogations).  The  SSR  carrier  frequencies,  l.e.  1030  MHx  for  interrogations  and 
1090  MHx  for  replies,  are  also  used  and,  furthermore,  until  such  time  as 
electronically  scanned  antennas  are  Introduced,  the  system  will  continue  to  use  narrow 
beamwldth  antennas  rotating  mechanically  at  speeds  generally  ranging  from  6-15  r.p.m. 
-  with  a  consequent  effect  on  the  time  during  which  the  data  link  can  remain  'open' 
between  a  ground  station  and  given  aircraft. 

4.2  Message  fields 


The  Mode  S  system  employs  two  basic  format  lengths:  56  and  112  bits.  Data  link  fields 
are  contained  only  In  the  112-blt  formats,  the  56-bit  formats  serving  for  surveillance 
purposes  only.  From  fig.  2  It  will  be  noted  that  four  basic  data  link  message  formats 
exist:  Comm-A,  Comm-B,  Comm-C  and  Comm-D.  The  Comm-A  (uplink)  and  Comm-B  (downlink) 
messages  each  contain  56-bit  data  fields,  up  to  four  of  which  may  be  linked  to  form  a 
224-bit  data  message.  Comm-C  (uplink)  and  Comm-D  (downlink)  formats  each  contain 
80-tlt  data  fields,  up  to  16  of  which  may  be  chained  to  form  long  messages  (ELM's) 
containing  a  maximum  of  1280  bits.  Each  of  these  112-blt  formats  carries  a  24-blt 
address/parity  (A/P)  field  containing  the  aircraft's  24-blt  technical  address,  which 
gives  a  total  of  16  million  different  possibilities.  The  address  Is  combined  with 
parity  Information  derived  from  the  remaining  88  bits.  This  ensures  Its  transmission 
to  a  specific  address  with  a  very  small  risk  of  undetected  error. 

4.3  Communication  protocols 


Messages  may  be  initiated  either  on  the  ground  or  in  the  air,  but  the  two-way 
transactions  required  to  effect  the  message  transfer  will  always  be  under  the  control 
of  the  Interrogator  and  take  place  in  accordance  with  Internationally  agreed 
protocols,  as  outlined  In  refs.  2  and  3.  Provision  Is  being  made  In  the  protocols  to 
permit  interrogators  in  a  given  region  to  be  linked  in  a  ground  network,  thereby 
enabling  the  responsibility  for  the  surveillance  of  specific  aircraft  and  the  data 
transfer  transactions  with  them  to  be  handled  by  an  Individual  Interrogator  and  thus 
avoid  unnecessary  loading  on  the  r.f.  channels  -  the  most  restricted  element  In  the 
>  !  communications  chain.  Full  details  of  the  protocols  will  be  given  In  ICAO  SARPS 

material,  now  In  preparation. 

i 
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4.4  Link  capacity  and  message  coding 

To  the  potential  user  of  the  Mode  S  data  link,  a  knowledge  of  Its  maximum  theoretical 
capacity  is  of  little  benefit  because  the  proportion  of  this  capacity  that  can  be  used 
in  practice  Is  Influenced  by  so  many  factors,  particularly  when  rotating  Interrogator 
antennas  are  employed.  Firstly,  It  must  be  remembered  that  the  prime  task  of  Mode  S  Is 
surveillance  and  thus  data  link  functions  can  only  be  performed  after  this  need  has 
been  met.  Other  factors  Include: 

the  average  duty  cycle  rating  of  the  Interrogator; 

the  operating  range  of  the  Interrogator  and  the  distribution  of  the  aircraft 

within  its  coverage? 

the  message  formats  actually  employed; 

the  level  and  nature  of  interfering  signals. 

However,  it  might  possibly  be  more  helpful  to  have  an  Indication  of  the  amount  of  data 
that  could  be  exchanged  In  the  two  directions  during  one  beam  sweep.  Discussions  with 
experts  from  the.  Royal  Signals  and  Radar  Establishment  (RSRE)  Malvern,  OK,  where  much 
of  the  Mode  S  development  work  In  Europe  has  taken  place,  have  produced  the  following 
estimate  which,  being  readily  achievable  with  present-day  Interrogators,  may  be 
regarded  as  conservative.  With  existing  Interrogators  and  assuming  a  3  degree 
beamwldth  and  a  rotational  rate  of  lOr.p.m.,  If  2 0  aircraft  were  In  the  beam,  19  could 
each  receive  one  Comm-A  message  and  reply  with  one  Comm-B  and  the  other  one  could 
receive  and  then  reply  with  one  full  ELM,  i.e.  16  Comm-C  and  Comm-D  segments. Studies 
are  currently  underway  In  Europe  to  prepare  more  precise  estimates  of  link  capacity 
under  various  operating  conditions. 

On  the  basis  of  the  above  and  with  the  traffic  densities  forseeable  In  Europe,  it 
appears  that  It  should  be  possible  to  employ  linked  Comm-A  and  Comm-B  messages  on  a 
number  of  occasions,  but  it  will  always  be  necessary  to  attempt  the  most  efficient 
means  of  data  transfer.  Compact  coding  schemes  including  the  use  of  standard 
word/phrase  dictionaries  are  being  developed  within  SICASP  for  international  use  aimed 
at  achieving  this. 

4.5  Link  reliability 


Earlier  work  (see  ref.  4)  has  shown  that  a  single  Comm-A  transaction  can  be  achieved 
In  the  first  beam  sweep  with  a  probability  exceeding  98%.  Commercial  aircraft 
operators  will  be  encouraged  to  fit  antenna  diversity  systems  (top  and  bottom  mounted) 
which  should  Improve  this  figure  -  particularly  during  both  climb-outs  In  the  vicinity 
of  the  radar  ana  manoeuvres  at  longer  ranges.  It  is  understood  that  work  Is  currently 
being  performed  by  the  FAA  to  evaluate  the  link  performance  on  the  airport  surface. 

4.6  Data  Input  and  output 


As  will  be  discussed  later,  ATC's  uses  of  the  link  for  data  transfer  may  be  quite 
diverse,  ranging  from  short  compactly- coded  tactical  messages  to  long  clearances, 
etc.,  with  a  high  alphanumerical  content.  Aircraft  performance  Information  may  also  be 
transferred  as  pure  binary  data.  Depending  on  the  application,  data  generation,  for 
transfer  by  the  link,  will  be  In  one  of  three  possible  ways: 

automatic  (machine),  e.g.  by  computer; 

semi-automatic,  l.e.  where  a  data  sequence  can  be  released  by  a  simple  manual 
operation,  for  example,  by  the  selection  of  a  message  from  a  'menu  of  stored 
data; 

manual,  l.e.  where  all  the  Information  Is  assembled  by  keyboard  for  example,  for 
Inclusion  In  a  data  link  message. 

The  operation  of  the  receiving  terminal  in  providing  an  output  of  data  can  be 
considered  under  three  similar  headings: 

automatic,  for  direct  use  In  a  system  (machine)  without  the  need  for  any  manual 
intervention,  e.g.  aircraft  data  Into  a  radar-tracker; 

semi-automatic,  as  may  occur  when  the  data  Is  assembled  for  optional  use  as 
required,  e.g.  a  message  printed  on  a  teleprinter  without  specific  action  being 
required  at  the  receiving  terminal; 

direct,  where  the  recipient  must  participate  by  noting  the  arrival  of  new 
Information  and  then  act  appropriately,  e.g.  an  alphanumerical  text  which  must  be 
read  prior  to  the  acknowledgment  of  Its  contents. 

It  will  be  evident  that  Information  generated  or  'Input'  in  a  given  form  need  not  be 
delivered  or  'output 'In  an  Identical  or  even  similar  manner.  It  thus  follows  that  In 
all  except  the  machlne/machlne  Interchanges,  there  will  be  human  factor 
considerations  and,  furthermore,  a  corresponding  Impact  both  on  workload  and  reaction 
time  and  thus  on  the  possible  merit  of  the  application,  as  discussed  In  para. 7. 
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The  principal  data  sources  and  output  devices  currently  under  consideration  for  Mode  S 
link  applications,  together  with  the  functional  elements  of  the  system  are  illustrated 
in  fig.  3.  The  Data  link  Applications  Processor  (DLAP)  in  the  ground  system  serves 
essentially  to  accept  data  from  various  ground  sources,  which  it  then  encodes  and 
assembles,  together  with  appropriate  addressing,  in  Comm-A  and  Comm-C  data  formats, 
linking  these  as  necessary  for  uplink  transmission.  It  also  accepts  the  data  content 
of  downlinked  Comm-B  and  Comm-D  messages  which  it  then  decodes  and  routes  through  to 
appropriate  destination  ports.  The  airborne  Data  Link  Processor  Unit  (DLPU)  performs 
similar  functions,  but  the  order  of  processing  is  of  course  reversed.  It  may 
additionally  treat  some  of  the  aircraft  data  in  order  to  get  more  meaningful 
transfers,  e.g.  normal  acceleration  data  for  turbulence  reports. 

4.7  OSI  considerations 


During  the  last  year  or  two  of  Mode  S  data  link  development,  as  a  result  of  the  growth 
in  the  number  and  capabilities  of  other  avionics  systems  including  VHF  and 
satellite-based  data  links,  considerable  thought  has  been  given,  particularly  in  the 
USA,  to  adapting  the  architecture  of  the  Mode  S  link  to  the  ISO  Open  System 
Interconnection  form.  Such  an  architecture  would  yield  a  number  of  advantages 
including  the  possibility  to  share  the  different  communications  channels,  aircraft 
peripherals  and  parts  of  the  DIAP  and  DIPU.  Disadvantages  may  Include  organisational 
and  certification  difficulties  plus  the  need  for  additional  data  bits  for  use  in 
longer  addresses,  message  security  and  priority  definition.  In  themselves  a  few  bits 
may  sound  unimportant,  but  they  would  become  significant  if  frequently  used  messages 
required  two  Comm-A  s,  l.e.  the  transmission  of  224  bits  instead  of  112,  or  if 
specific  applications,  e.g.  the  transfer  of  VOLMET  data,  could  no  longer  be  conveyed 
in  4  linked  Comm-A  messages.  The  whole  question  is  currently  under  review  within 
SICASP  and  decisions  are  expected  shortly. 


5.  POSSIBLE  LINK  APLICATIONS 


5.1  General  considerations 


In  Europe  today,  most  civil  and  military  aircraft  operating  in  controlled  airspace  are 
fitted  with  SSR  transponders  which,  on  receipt  of  interrogations  from  the  ground, 
provide  appropriate  Mode  A  and  Mode  C  replies  (cf.  4.1).  In  addition,  the  transponder 
can  be  set  by  the  aircrew  to  give  certain  emergency  indications.  Apart  from  this 
limited  transfer  of  data,  all  other  communications  between  the  aircraft  and  ATC  are 
effected  by  R/T,  either  in  the  form  of  direct  controller/pilot  conversation  or  as 
broadcast  services.  Despite  the  many  limitations,  direct  voice  contact  between  pilot 
and  controller  can  be  very  advantageous  for  communications  of  a  non-routine  nature  and 
is  likely  to  remain  so,  even  with  the  most  highly  automated  systems.  In  the  automated 
system,  however,  where  a  digital  data  link  would  be  assumed,  the  need  for  R/T  would  be 
reduced  considerably  which  would  in  turn  minimise  some  of  its  existing  limitations. 
Proposals  for  an  ATC  system  concept  employing  higher  levels  of  automation,  based  on 
the  exploitation  of  accurate  aircraft  trajectory  prediction  techniques,  have  been  made 
in  refs.  5  and  6,  and  the  use  of  the  data  link  in  supporting  them  was  discussed  in 
ref.  l.  The  FAA's  AERA  concept  (ref.  7)  is  in  many  ways  similar.  It  is  believed  that 
the  link  will  be  far  more  effective  if  it  can  be  exploited  to  support  systems  based  on 
similar  concepts,  rather  than  used  merely  to  convey  the  information  passed  by  R/T 
today.  In  permitting  the  automatic  and  fairly  rapid  two-way  transfer  of  dynamic  data 
(and  static  data  too,  when  required)  between  ground-based  and  airborne  systems,  data 
in  one  system  can  be  used  to  enhance  the  performance  of  the  other  with  little  direct 
involvement  of  the  controller  and/or  pilot.  The  communications  needs  of  the  system,  as 
transferred  by  the  link,  i.e.  information  presented  visually  or  aurally  to  the 
controller  or  pilot,  would  then  be  automatically  generated  in  accordance  with  a 
clearance  covering  a  major  portion  of  the  flight.  The  problem  is  to  arrlre  at  this 
stage  of  development  with  a  smooth  transition  i'rom  today's  situation.  Much 
experimental  work  is  being  done  in  Europe  and  elsewhere,  particularly  in  North 
America,  to  find  the  solution.  Some  details  or  the  European  work  are  given  below. 

5.2  Communications  enhancements 


5.2.1  Pilot/llnk  Interface 


Experimental  work  in  IUROCONTRCL  has  been  carried  out  under  two  main  headings:  the 
pilot/llnk  Interface  and  the  controller /link  Interface,  bork  on  the  former,  which 
started  in  1977  and  was  largely  concluded  in  1962,  was  performed  to  obtain  aircrew 
reactions  to  a  number  of  possible  advances  in  ATC  communications.  For  this,  an 
experimental  Interface,  known  as  an  Airborne  Link  Terminal  (ALT)  was  developed, 
together  with  a  scenario  thought  representative  of  the  future  ATC  environment.  The 
Interface,  comprising  a  CDU  and  miniature  hard-copy  printer,  was  mounted  on  the  flight 
deck  of  an  A  300B  Airbus  flight  simulator  and  operated  in  conjunction  with  perfect 
ground  facilities.  The  display  mode  of  the  cDU  could  be  changed  automatically  from 
'navigation'  to  'long  message',  the  latter  being  shown  in  fig.  4.  In  addition,  special 
function  keys  were  provided  for  pilot  response}  and  for  access  to  specific  ground 
based  data  banks.  An  evaluation  lasting  many  flying  hours"  was  conducted,  largely  by 
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crews  from  Lufthansa,  the  German  national  airline,  who,  during  the  initial  stages  of 
the  work,  made  a  recommendation  that  data  link  messages  should  always  he  replied  to 
ria  the  link,  and  R/T  message  likewise  by  R/T.  They  found  the  most  attractive  feature 
to  be  the  hard-copy  print-out  of  long  messages,  e.g.  clearances,  VOLMET  and  ATIS 
information.  Full  details  of  the  evaluation  are  given  in  ref.  8. 

Recently,  further  work  has  been  done  on  the  pilot/link  interface  by  the  Royal  Aircraft 
Establishment  (RAE)  Bedford,  UK,  as  part  of  a  study  of  the  link's  role  in  civil  ATC 
management.  This  work  made  use  of  the  EFIS  and  an  example  of  the  display  of  a  short 
message  is  shown  in  fig.  5.  In  this  case  RAE  presented  more  conventlal  navigational 
data  rather  than  the  slot-following  information  displayed  on  the  ALT.  RAE  is  also 
studying  direct  voice  Inputs  for  use  in  the  aircraft  environment  which,  in  the  longer 
term,  could  have  data  link  implications. 

5.2.2  Controller/llnk  interface 


Use  of  data  link  for  many  of  the  applications  studied  in  the  ALT  experiments  would 
require  a  very  high  level  of  automation  and  standardisation  of  ground-based  systems. 
Because  the  Initial  implementation  of  Mode  S  in  Europe  is  likely  to  be  patchy  and  the 
overall  level  of  automation  Inadequate,  it  has  been  necessary  to  consider  and  evaluate 
some  less  sophisticated  link  applications  of  a  somewhat  tactical  nature  thought  likely 
to  provide  benefits  in  the  short  term.  These  include  the  duplication  of  the  critical 
parts  of  R/T  messages,  for  example,  flight  level  clearances,  the  replacement  of 
certain  control  messages,  such  as  aircraft  transfers,  and  assistance  in  the  event  of 
full  or  partial  R/T  failure.  The  evaluations  have  been  effected  by  means  of  real-time 
simulations  for  which  the  planning  criteria  called  for  little  or  no  Increase  in 
controller  or  pilot  workloads  and  levels  of  Mode  S  carriage  ranging  from  30%  to  100% 
of  the  total  traffic;  the  simulated  communications  link  used  to  date  has  not,  however, 
been  entirely  representative  of  the  Mode  S  system.  The  controllers  and  a  small  number 
of  pilots  participating  in  the  simulations  have  been  very  positive  in  their  support  of 
the  link's  use  both  in  duplicating  R/T  and  in  conditions  of  partial  or  full  channel 
failure.  The  studies  have  also  shown  that  in  order  to  avoid  additional  controller 
workload,  there  is  a  need  for  data  link  message  generation  to  be  tied  to  the  normal 
system  Inputs  made  by  the  controller  to  the  computer. 

Although  further  studies  involving  representative  airborne  facilities  are  necessary, 
the  work  to  date  has  highlighted  the  need  for  a  number  of  other  factors  to  be  borne  in 
mind  if  the  link  is  to  be  used  in  these  limited  applications.  In  particular: 

a)  R/T  message  duplication  may  be  better  achieved  using  pre-notification  data  link 
messages,  i.e.  sent  before  the  R/T  message,  and 

b)  there  should  be  a  smooth  transition  in  communications  procedures  whenever 
aircraft  move  from  data  link  to  non-data  link  areas  of  control  or  vice  versa. 

Point  a)  above  arises  mainly  from  the  fact  that  with  the  variable  delay  in  the  time  of 
delivery  of  Mode  S  messages  (owing  to  the  rotational  antenna  scan)  it  is  difficult  to 
maintain  a  good  time  relationship  between  R/T  and  data-llnked  messages.  A  report  on 
these  investigations,  which  were  conducted  at  the  EUROCONTROL  Experimental  Centre  near 
Paris,  will  be  available  very  shortly. 

5.2.3  Ground  data-base  development 


In  line  with  the  findings  of  the  ALT  experiments  (cf.  5.2.1)  the  view  is  growing  that 
aircrew  access  to  ground-based  data  banks  could  be  a  very  useful  application  of  the 
link,  particularly  because  it  would  give  them  data  at  a  time  of  their  choosing  and, 
furthermore,  facilitate  the  provision  of  hard  copies  of  fairly  detailed  messages.  The 
UKCAA  is  studying  the  problem  of  creating  such  data  banks,  e.g.  VOLMET,  using  very 
efficient  coding  techniques. 


5.3  Aircraft  data  transfers 


5.3.1  Bata  acquisition 


As  mentioned  in  para. 3,  commercial  aircraft  make  up  the  bulk  of  the  traffic  in 
controlled  airspace  in  Europe.  Many  of  these  aircraft  have  advanced  avionics  fits  and 
the  trend  towards  the  'digital  aircraft'  is  continuing.  Accordingly,  a  number  of 
studies  have  been  mounted  both  to  examine  the  problems  of  accessing  aircraft  data 
sources  (see  ref.  9)  and  to  exploit  data  so  acquired  for  ATC  purposes.  Apart  from 
carriage  of  the  appropriate  senser(s)  by  the  aircraft,  satisfactory  data  acquisition 
and  transfer  necessitates  access  to  the  relevant  data  source,  e.g.  via  the  ABINC  429 
data  bus,  plus  some  on-board  processing  and  a  suitable  data  Interface  with  the 
transponder,  (cf.  4.8).  Because  data  availability  will  thus  be  heavily  dependent  on 
aircraft  type,  it  is  necessary,  when  considering  particular  data  applications,  to  make 
some  forecasts  of  future  aircraft  population  and  their  likely  avionics  installations. 
Two  applications  already  studied  relate  to  improving  the  performance  of  radar  trackers 
and  the  quality  of  meteorological  forecasts,  i.e.  two  Important  factors  in  highly 
automated  systems.  The  former  would  require  data  from  the  maximum  possible  number  of 
aircraft,  while  in  the  latter  case,  data  from  15-20  %  of  all  traffic  would  probably 
suffice. 
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5.3.2  Experimental  applications 

Three  experimental  radar  trackers  hare  teen  developed  (see  ref.  10)  and  their 
performances  assessed  using  data  transferred  via  an  experimental  Mode  S  link.  The 
trackers  were  known  as: 

AS F  (Acceleration  Bias  Filter,  employing  roll-angle 
data); 

HBF  (heading  Bias  Filter,  using  heading  data), 

TBF  (Telocity  Bias  Filter,  requiring  both  heading  and 
true  airspeed  data). 

Their  performances  have  been  assessed  both  statistically  and  subjectively  (with  the 
aid  of  displayed  tracks)  using  a  reference  baseline  first-order  Kalman  filter  believed 
to  represent  the  best  available  in  present-day  ATC  systems.  Full  results  are  given  in 
ref. 11  and  it  appears  that,  whereas  all  the  modified  trackers  were  superior  to  the 
reference,  HBF  was  probably  the  best  of  them  in  view  of  its  performance  following 
missing  data  and  its  simple  (heading)  data  requirement.  An  example  of  the  performance 
of  HBF  (using  heading  data)  is  compared  with  that  of  the  reference  tracker  in  fig.  6. 

The  need  for  good  quality  meteorological  data  for  precise  longer-term  trajectory 
predictions  and  the  possible  use  of  the  data  link  in  enhancing  the  quality  of  forecast 
data  were  discussed  in  ref.  1.  Since  that  time,  initial  feasibility  studies  using  the 
Mode  S  link  in  improving  the  quality  of  forecast  data  have  been  completed  (see 
ref. 12).  The  later  stages  of  the  work  Involved  the  transfer  of  data  from  Trlstar 
aircraft  via  an  experimental  Mode  S  link  and  then  the  world  Meteorological  Office 
network  to  the  Regional  Meteorological  Office,  Bracknell,  UK.  Ixamples  of  wind  speed 
and  other  speed  measurements  received  via  the  link  during  a  typical  Trlstar  flight  are 
shown  in  fig.  7. 

5.3.3  Other  possible  developments 


The  link  also  enables  an  aircraft's  identification  to  be  acquired  automatically  by 
ATC,  as  and  when  required,  either  in  the  form  of  a  flight  number  Inserted  by  the 
pilot,  or  as  a  tall  number  which  could  be  hard-wired  Into  the  Mode  S  transponder 
Installation:  a  unique  Comm-B  message  has  been  designated  for  the  transfer  of  this 
static  data.Because  of  Its  Importance  for  surveillance  purposes,  this  potential  link 
application  Is  rated  very  highly  by  EUROCONTROi  Member  States. 

A  list  of  parameters  thought  likely  to  be  of  use  for  ATC  purposes  In  the  future,  and 
generally  available  today  from  many  'digital  aircraft'  Is  given  In  Table  1.  Against 
each  parameter  is  shown  the  number  of  data  bits  required  for  an  acceptable  resolution 
and  to  which  3  bits  for  parity  and  a  sign/status  matrix  will  normally  be  added;  these 
retain  the  data  form  in  line  with  the  ARINC  429  data  bus  standard.  The  table  also 
gives  some  examples  of  parameters  that  could  be  grouped  in  a  single  Comm-B  reply. 
These  are  described  in  terms  of  their  most  probable  applications  and  whereas  groups 
1-7  are  possibly  of  most  Interest  for  domestic  ATC,  l.e.  within  Mode  S  coverage, 
groups  5-10  may  be  combined  as  required  to  form  appropriate  reports  in  a  satellite- 
based  automatic  dependent  surveillance  (ADS)  environment  .The  assembling  of  each  group 
could  take  place  In  the  airborne  DLPU  (cf.  4.6)  which,  if  designed  to  be  OSI 
compatible,  could  also  provide  'group  pairs',  e.g.  5  and  10,  for  satellite  reports. 
Examples  of  ADS  reports  showing  aircraft  position  (derived  from  the  INS),  altitude  and 
ground  speed  are  shown  in  fig.  fl.  The  actual  information  was  obtained  via  a  Mode  S 
link  and  the  corresponding  radar  track  is  Indicated.  Other  potential  transfers 
currently  commanding  attention  are  the  downlinking  of  FMS  profile  data  and  the 
uplinking  of  revised  route  Information  for  possible  introduction  Into  the  FMS .  These 
are  longer-term  applications  associated  with  very  advanced  ATC  scenarios,  but  present 
studies  should  help  to  promote  the  changes  that  would  be  required  In  FMS's  to  support 
them. 


5.4  Ground  system  and  aircraft  Implications 


Before  any  of  the  data  link  applications  discussed  above  can  be  Implemented, 
development  of  the  ground  system  will  be  necessary  and,  for  most  applications,  as  many 
aircraft  as  possible  will  be  required  to  carry  Mode  S  transponders  together  with 
certain  peripherals.  Ground  Installations  could  range  from  a  single  Mode  S 
Interrogator  capable  of  relaying  data  from  one  or  two  data  bases  through  to  a  network 
of  stations  with  highly  automated  ATC  centres,  supporting  a  strategic  system  of 
control  (including  communications)  and  also  capable  of  very  extensive  machlne/macblne 
data  Interchange  with  the  aircraft.  Aircraft  systems  may  range  from  a  small  display 
with  simple  Input  devices  through  to  XFIS  type  displays,  keyboard(s),  a  printer  and 

Jowerful  on-board  data  processing  capabilities,  permitting  the  greatest  possible 
agree  of  Interaction  with  ATC  centres.  One  example  of  an  application  believed  to  have 
considerable  potential  economic  benefits,  which  could  be  supported  by  a  single  ground 
Installation  and  moderately  equipped  aircraft,  is  approach  sequencing  -  a  topic 
currently  receiving  considerable  attention  In  EUROPE  (see  refs.  13  and  14).  Fig.  9, 
which  Is  derived  from  work  described  In  ref.  13,  shows  a  typical  descent  path  and 
Indicates  the  machine  data  transfers  and  communications  that  would  take  place  via  the 
link.  It  should  be  noted  that  the  aircraft  Identification  SN409  Is  purely  an  example 
and  should  not  be  compared  with  any  flights  so  numbered  In  ref.  13. 
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FUTURE  EXPERIMENTAL  WORK 


6.1  Background 

Following  on  from  the  earlier  Mode  S  development  In  the  United  Kingdom  and  the  United 
States,  EUROCONTROL  has  embarked  on  a  Mode  S  development  programme  which  will  lead  to 
evaluations  of  an  experimental  system  comprising  ground  stations  developed  In  the  UK 
and  France  ,a  ground-network  and  other  ground  facilities  developed  In  the  UK  together 
with  aircraft  Installations  developed  under  contract  for  the  Agency  and  carried  In 
experimental  aircraft  and  airliners  of  several  European  airlines.  These  evaluations 
will  have  many  facets  Including  surveillance,  link  performance,  ground  communications 
and  data  link  applications.  It  is  hoped  that  much  of  the  Initial  data  link  work  will 
involve  the  BAC-111  of  RAE,  Bedford,  which  will  facilitate  many  experiments  Involving 
airborne  systems.  Flights  should  start  in  mid  1987.  Should  this  time  frame  agree  with 
the  European  Space  Agency's  programme  of  aeronautical  data  link  experiments  employing 
satellites,  attempts  will  be  made  to  study  satelll te/Mode  S  compatibility. 

6.2  Topics  for  evaluation 

Plans  are  currently  in  preparation  for  a  number  of  trials  and  evaluations  using  the 
experimental  link.  The  topics  listed  below  are  being  considered  for  the  overall 
programme . 

I)  Basic  link  operation: 

the  functioning  of  the  DLPU  with  the  transponder; 

-  the  suitability  of  message  structures,  addressing  methods  and  operating 
protocols! 

the  overall  availability,  reliability  and  integrity  of  the  entire  data 
transfer  system. 

II )  Data  bases: 

the  provision  of  ATIS  and  VOLMET  ground  data  banks  and  their  access  by 
aircrews. 

III)  Communications: 

tactical  message  duplication  and  R/T  back-up; 

pilot  Interface  aspects  Including  the  flexible  use  of  display  areas  on 

multi-function  displays? 

support  for  approach  sequencing  systems! 

-  support  for  ground-based  alerting  and  traffic  Information  services,  e.g. 
CTIS . 

vl)  Machlne/machlne  data  transfers: 

the  acquisition  and  use  of  aircraft-derived  meteorological,  state-vector  and 
profile  data,  e.g.  for  approach  sequencing! 
the  delivery  of  Initial  clearances  and  changes  of  route! 
the  acquisition  of  FMS-computed  trajectory  data  for  ground  system  use. 
v)  Compatibility  of  operation  with  satellite-based  ADS: 
common  DLPU  functions! 

the  technical  and  operational  aspects  of  the  transition  between  the  two 
systems . 


7.  POSSIBLE  STSTEM  EVOLUTION 


Understandably,  because  the  only  planned  implementation  programme  for  Mode  S  In  Europe 
Is  for  experimental  purposes,  no  programme  has  yet  been  prepared  to  associate  future 
ATC  system  development  with  the  Mode  S  data  link.  Moreover,  no  assessment  of  the 
relative  values  of  potential  link  applications  has  yet  been  completed.  In  an  attempt 
to  estimate  how  the  use  of  the  data  link  may  be  expanded  to  meet  ATC  system  needs,  the 
author  has  made  a  comparative  assessment  of  a  range  of  very  broadly  stated 
applications  against  the  following  criteria: 

I)  expected  benefits  to  safety,  crew  and  controller  workloads  and  fuel  economy; 

II)  uplink  and  downlink  loading! 

III)  the  number  of  installations  required  for  beneficial 
operations,  both  ground-based  and  airborne! 

lv)  compatibility  with  present  day  operations  on  the  ground  and  In  the  air. 

The  applications  considered  are  listed  below  in  an  'order  of  merit'  and  the  principal 
benefits  expected  are  Indicated. 

1.  The  downlinking  of  aircraft  meteorological  data 
(automation  support/fuel  economy). 

2.  Aircraft  access  to  ground  data  banks  (crew  workload). 

3.  Automated  approach  sequencing,  ground-derived  alerts 
(fuel  economy  and  safety  respectively). 

4.  Tactical  communications  back-up  (safety). 

6.  Strategic  system  support  including  the  generation  and  delivery  of  Initial 
clearances  (workload  and  fuel  economies). 

C.  The  downlinking  and  use  of  aircraft  state-vector  and  RNAV  data  bases  (workload 
and  safety). 

7.  The  uplinking  of  route  reclearances  (workload  and  safety). 

8.  The  downlinking  and  exploitation  of  FHS  profile  data  (automation  support/fuel 
economy) . 
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Clearly,  since  they  are  based  on  one  Individual  judgement  made  far  In  advance  of  the 
necessary  evaluations  and  real  cost-estimates,  the  results  must  Inevitably  be 
subjective.  The  above  order  does  nevertheless  suggest  a  possible  starting  sequence  for 
data  link  operations:  firstly,  ma chi ne/ma chine  Interchanges  with  a  small  number  of 
aircraft  and  secondly,  crew  introduction  to  the  link  via  data  bases  followed,  thirdly, 
by  Its  operational  use  at  a  small  number  of  busy  airports  to  support  approach 
sequencing,  etc.  Once  these  measures  were  Introduced  It  would  be  easier  to  decide  on 
subsequent  steps  towards  higher  levels  of  automation  leading,  ultimately,  to  even 
greater  economies  for  the  ATS  community. 


8.  CONCLUSIONS 


The  international  standards  for  SSR  Mode  S  with  a  data  link  capability  are  in  an 
advanced  stage  of  preparation  and,  in  the  USA,  the  system  Is  already  being 
Implemented.  In  EUROPE,  where  Implementation  Is  not  expected  before  1995,  a  number  of 
studies  have  been  initiated  to  assess  the  feasibility  of  using  the  link  for 
applications  believed  to  be  well  within  Its  capabilities,  largely  In  support  of  highly 
automated  ATC  systems.  From  these  it  emerged  that: 

for  controller/pilot  communications,  message  generation  should  be  as  automatic  as 
possible,  thereby  avoiding  increases  in  controller/crew  workload,  and  the  use  of 
compact  coding  will  also  be  necessary  to  minimise  the  data  transfer! 

machine/machine  data  Interchanges  appear  capable  of  yielding  considerable 
benefits  to  the  operation  of  automated  systems  in  a  variety  of  areas,  e.g. 
meteorology,  radar  tracking  and  approach  sequencing. 

A  programme  of  evaluations  Is  being  prepared  that  will  employ  experimental 
ground-based  and  airborne  systems  developed  In  Europe  and  operating  in  a  manner  very 
representative  of  the  full  Mode  S  system.  The  experiments  being  planned  will  check 
overall  system  operation  and  also  enable  the  benefits  of  various  applications  to  be 
reassessed.  Mode  S  /  satellite  ADS  compatibility  may  also  be  Investigated. 

Based  on  very  preliminary  work  it  appears  that  the  initial  steps  towards  a  high  level 
of  automation  could  be: 

I)  the  recovery  and  use  of  aircraft-derived  meteorological  data 
(machine/machine  data  transfers); 

II)  the  provision  of  ground-data  banks  (ATIS,  VOLMET); 

III)  the  support  of  approach  sequencing  systems. 

A  programme  of  this  kind  could  be  started  at  a  small  number  of  locations  with  only  a 
small  percentage  of  equipped  aircraft  but  could  readily  lead  towards  a  unified  control 
system  employing  a  much  greater  level  of  automation  In  which  ground  facilities  would 
be  expanded  and  an  even  greater  use  made  of  aircraft-derived  data,  e.g.  ground 
computer/FMS  Interchanges.  To  facilitate  this  transition,  avionics  system  designers 
are  faced  with  an  interesting  challenge  :  to  rationalise  the  provision  of  data  sources 
and  data  communication  facilities  and  also  to  make  available  for  ATC'c  use  other  data 
that  are  not  yet  accessible,  on  even  the  most  modern  airliner. 
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AUTOMATIC  DEPENDENT  SURVEILLANCE  REPORT  USING  AIRCRAFT 
MEASUREMENTS  OF  POSITION,  ALTITUDE  AND  GROUND  SPEED 


A/C 

POSN. 

PRINCIPAL  DATA  LINK  MESSAGES 

ASSOCIATED  CONTROL  ACTIONS 

0  -  1 

' 

Comi-B  replies  sent  containing  data  groups  1,  3 
and  7  (fro*  Table  1).  Group  1  data  than  included 
in  all  following  replies. 

Request  to  aircraft  for  identification,  IAS 
and  aass; then  reco«putat1on  of  Most  fuel- 
efficient  descent  point.  Aircraft  then  -e- 
quested  to  continue  sending  state-vector 
data  in  each  reply. 

1 

Advisory  message :"($N  409)  EXPECT  TO  START 

DESCENT  29NM  BUN  AT  250  KT  IAS" 

Pilot  acknowledgement :*(SN  409)  ROGER" 

Advisory  message  sent  to  aircraft. 

1 A 

Crew  requests:  "ATIS  FOR  BUB"  (BRUSSELS) 

Reply:*  ($N  409)  E88R  0950  B  RUT  25  L 

TRANS  F050  UNO  290/50,  QNH  1008  T6  DP3 

VIS  1.5  KM  3/050 

Reply  fro*  data  base. 

2 

Control  instructs:  "(SN  409)  COMMENCE  DESCENT 

AT  29NM  BUN  AT  250  KT  I  AS" 

Pilot  acknowledgeaent  :  "(SN409)  M1LC0" 

Control  instruction  sent. 

2A 

Advisory  uplink:  "(SN409)  EXPECT  TO  TURN 

RT  5.5  NR  BUN  ON  HDG  210" 

Attitude  rate  checked  fro*  data;  order  in 
sequence  Modified  by  one  slot  and  then 
advisory  message  sent. 

Continuous  checking  of  turning  point  to 
give  correct  landing  tine. 

3 

Control  1n»truct«:  *<SN*09)  AT  2.1  NM  BUN  TURN 

RT  HOG  210  TO  INTERCEPT  ILS* 

Pilot  .cknotfl.dflM.nt :  “(SI&OT)  NILCO" 

Instruction  to  start  turn  sent,  timing 
within  6-12  sec.  not  too  critical. 

4 

Control  1n»truct»:  “(SN409)  YOU  ARE  CLEARED  TO 

LAND  ON  RUT  2SL.  CONTINUE  DESCENT  AT  160  KT 

IAS" 

Aircraft  noted  *ore  than  10  sec.  ahead 
of  planned  time  so  nlninu*  safe  IAS 
requested. 

NOTE  : 

i?  Only  the  technical  address  is  includtd  in  each  transaction  -  th#  a/c  ID.,  SN409,  would  be 
added  after  the  message  contents  and  technical  address  have  been  received  and  verified. 

11)  All  of  these  typical  Messages  will  probably  be  transmitted  in  single  or  linked  Co*m-A  and 

Com-B  Messages.  Exact  requirements  cannot  be  defined  until  addressing  requirements  are 
standardised. 
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COMPUTER  ASSISTED  APPROACH  SEQUENCING  WITH  DATA  LINK  SUPPORT 
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MACH 
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COMPUTED  AIR  SPEED 
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13 
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13 
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11 

14 

14 

14 
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GROUND  SPEED 

12 

15 

? 
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9 

12 

12 

12 

5C 
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9 
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11 
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11 

10 
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8 
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a 

11 

a5 

63 

6S 

63 

a3 

15 

PRESENT  POSN.-LAT. 

18 

21 

21 

21 

16 

PRESENT  P0SN.-L0N6. 

18 

21 

21 

21 

17 

GROSS  WEIGHT 

11 

14 

14 

14 

18 

ALTITUDE  (101 3.  25^0 

14 

17 
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19 
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SELECTEO  ALTITUOE 
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SELECTED  AID  SPEED 
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11 

25 
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11 

24 

SELECTED  WAYPOINT 
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15 

25 
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(WAYPOINT  -  LONG. 

18 
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TRACK  ANGLE(TRUE) 
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TXT 

31 

SPARES 

| TOTALS 

sa 

56 

51 

51 

50 

50 

48 

56 

53 

sa 

56 

REMARKS 

0)  Standard  Mod#  S  format  would  be  uted. 

1)  Processed  data  showing  angles  exceeding  approx.  5,  10  and  20*. 

2)  Processed  data  showing  rates  exceeding  approx.  250,  500  and  1000  ft/eln. 

3)  Processed  data  would  show  turbulence  on  a  log. scale. 

4)  Reduced  resolution  would  be  adequate  to  show  nearest  FL. 

M)  Denotes  use  of  aetrlc  units  for  speed/altitude  reports. 


TABLE  1  -  AIRCRAFT  PARAIiETERS  AND  PROPOSED  GROUPINGS  FOR  POSSIBLE  USE 

IN  FUTURE  ATC  SYSTEMS. 
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SUMMARY 


Space -base 


ace-based  surveillance  systems,  including  primary  radar  (SBR)  and  secondary  surveillance  radar  (SBSR)  are  of 
interest  for  both  the  Air  Traffic  Control  and  the  Air  Defence.  This  paper  surveys  the  relevant  state  of  the  art, 
architectures  considers  surveillance  system  with  special  reference  to  the  European  scenario  and  closes  with  remarks 
pointing  toward  areas  of  future  work.  ^ 


1.  INTRODUCTION 

Satellite-borne  radars  became  operational  in  1978  with  the  SEASAT-A  Synthetic  Aperture  Radar  (SAR)  which  was 
the  leader  of  the  SIR  (Shuttle  Imaging  Radar)  family  in  the  USA  (1),  (2);  the  European  development  in  the  Satellite-borne 
SAR  includes  the  Active  Microwave  Instrument  of  the  Earth  Resource  Satellite  ERS-1  (1)  and  the  X-band  sensor  (3)  of 
the  SIR -C  SAR  both  to  be  launched  at  the  end  of  this  decade. 

Incidentally;  SEASAT  and  ERS-1  also  include  a  radar  altimeter  (RA)  to  measure  the  distance  from  the  underlying 
surface  with  errors  of  a  few  centimeters  (1). 

SAR  systems  are  used  for  remote  sensing  and  monitoring  of  slowly  varying  phenomena  (tides,  sea  ice,  crops, 
forestry,  land  use  etc.)  and  are  not  suitable  to  survey  large  areas,  such  as  a  sub-continent,  in  a  limited  time  (e.g.  a  few 
hours).  As  a  matter  of  fact,  the  synthetic  aperture  principle  itself,  while  allowing  a  relatively  low  average  radiated 
power  (orders  of  some  hundreds  of  watts)  (imitates  the  width  of  the  strip  of  surface  to  be  imaged,  i.e.  of  the  "swath",  to 
the  order  of  magnitude  of  hundred  kilometers  for  satellites  (with  height  between  700  and  1000  Km)  or  even  less  for  the 
Shuttle.  Moreover,  the  data  revewal  time  of  a  SAR  is  of  the  order  of  same  days,  depending  upon  the  orbit. 

On  the  other  hand,  from  the  beginning  of  this  decade  the  space-based  radar  (SBR)  concept  is  being  considered  by 
some  authors  (4-10)  and  by  some  military  and  civilian  Authorities  of  the  USA  (5),  (9)  and  Canadian  (8),  (13),  (27). 

The  pertaining  applications  (4)  include  the  defence  of  the  fleet  (5),  of  the  Continental  United  States  (CONUS)  (5), 
the  early  warning  of  cruise  and  ballistic  missiles,  the  Air  Traffic  Control  (ATC)  over  the  oceans  (9)  and  on  the  CONUS 
(19),  the  monitoring  of  disarmament/arms  control  agreement  and  of  crisis  situation  (7).  Of  course  other  application  areas 
can  be  considered,  for  example  in  the  Strategic  Defence  Initiative  (SDI)  context. 

The  surveillance  requirements  for  each  application  are  rather  different,  however  they  are  all  based  upon  the  unique 
capability  of  SBR  systems  of  detecting  and  tracking  aircraft  and  missiles  (even  low/very  low  flying)  without  practical 
limitations  of  the  line-of-sight. 

For  example,  a  satellite  surveillance  system  compatible  with  today's  ATC  facilities  (19)  could  extend  ATC 
coverage  in  the  USA  and  adjacent  areas  from  the  current  minimum  height  of  2-3  Km  up  to  ground  level. 

Moreover,  a  suitable  selection  of  the  number  of  platforms  (e.g.,  six  to  fourteen)  and  of  their  orbit  allow  a  coverage 
of  the  whole  Earth  (global  coverage)  (3),  (7),  or  of  extended  areas  where  the  installation  of  ground-based  facilities  is 
either  impossible,  like  the  Atlantic  Ocean  (9),or  too  expensive,  like  in  desertic  regions,  jungle  and  so  on. 


2.  MULTIFUNCTION  SPACE-BASED  SURVEILLANCE  FOR  EUROPEAN  APPLICATIONS 
2.1.  The  need  for  a  multifunction,  multi-user  system 

The  very  large  cost  of  space-based  system  w.r.t.  their  ground-based  counterpart  lead  to  consider  multifunction 
configurations,  i.e.  satisfying  the  requirements  of  many  users,  in  order  to  share  the  cost. 

For  the  same  reason,  there  is  a  trend  today  to  integrate  Air  Traffic  Control  and  Air  Defence  equipment  and 
systems,  as  resulted  for  instance  by  the  recent  joint  Federal  Aviation  Administration  (FAA)  and  United  States  Air  Force 
(U5AF)  requirement  for  48  L-band,  three-dimensional  long-range  radars  to  upgrade  surveillance  around  periphery  of 
mainland  USA  (sees  Electronics  Weekly,  May  29,  1983).  Another  example  of  civilian  and  military  use  of  equipment  and 
systems  is  the  planned  use  of  the  SSR  Mode  S  (16)  in  the  USSR  (18)  including  the  following  additional  features  w.r.t.  the 
basic  system  under  consideration  by  the  ICAO  (16): 
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i)  Electronic  beam  steering  of  the  interrogator; 

ii)  Ground-air  transmission  of  computer  generated  vector  commands  for  interception; 

iii)  Cryptography  for  secure  air -ground-air  data  transmission. 

As  explained  in  the  Introduction,  SBR  system  typical  coverages  are  as  large  as  a  subcontinent;  one  such  system  can 
fill  the  coverage  gaps  of  the  whole  Europe  and  of  a  significant  area  (Artie,  Mediterranea  Sea,  neighbour  Atlantic  Ocean). 
This  calls  for  an  European  joint  effort  in  research  and  development,  with  the  same  cooperation  philosophy  as  the  large 
research  projects  of  the  European  Economic  Community  (EEC)  or  of  the  European  Space  Agency  (ESA). 

2.2.  Military  requirements 

The  military  surveillance  and  tracking  requirements  for  the  European  application  can  only  be  defined  after  an  ad- 
hoc  study;  a  baseline  set  of  performances  could  be: 

a)  The  radius  of  the  coverage  area,  supposed  to  be  circular,  is  about  3300  Km. 

b)  Surveillance  is  performed  in  a  much  smaller  area  than  in  item  (a),  including  a  fence  and  some  spots  where  ground- 
based  surveillance  isn't  effective  and/or  where  potential  threath  originates  (e.g.  air  fields  and  missiles  installa¬ 
tions);  for  convenience,  the  extension  of  this  can  be  assumed  equal  to  the  one  of  an  annular  ring  of  3300  Km  radius 
and  200  Km  ihickness,  i.e.  6.6  x  10°  square  kilometers. 

c)  The  search  data  rate  depend  on  the  fence  width,  on  the  maximum  speed  of  the  targets  and  on  the  number  of 
required  detections  in  the  fence  to  guarantee  a  cumulative  probability  of  detection  as  large  as  99.3%.  A  second 
data  rate  of  fifty  to  sixty  seconds  insures  at  least  four  detection  opportunities  for  a  Mach  3  aircraft,  more  than 
twelve  opportunities  for  a  cruise  missile  or  a  low-elevation  (terrain  following)  aircraft  and  one  opportunity  for  a  4 
Km/s  ballistic  missile  (the  latter  being  preferably  detected,  at  lower  speeds,  just  after  the  launch). 

d)  Friendly  targets  recognition  is  aided  by  the  identification  friend  or  foe  (IFF)  function,  that  uses  the  1030-1090  MHz 
SSR  channel  and  includes  the  same  data  link  as  the  SSR  Mode  S  (16),  (17)  or  equivalent.  The  region  where 
acquisition  of  friendly  targets  and  relevant  data  transmission  is  required  is  generally  different  than  the  one 
described  in  item  (a)  and  its  area  can  be  assumed  such  smaller  (e^  tenth)  due  to  the  more  predictable  nature  of 
this  kind  of  traffic. 

e)  After  identification,  relevant  targets  are  passed  to  the  tracking  function,  whose  most  important  requirements  are 
accuracy  and  data  rate.  Both  are  highly  dependant  on  the  manoeuvrability  (max.  acceleration)  and  speed  of  the 
targets;  for  preliminary  evaluation  purposes,  an  x-y  accuracy  of  the  order  of  30-30  metres  and  a  data  rate  between 
3  and  20  seconds  (adapted  to  the  type  of  target)  could  be  assumed.  The  lower  value  of  the  data  rate  could  apply  to 
subsonic,  highly  manouvering  low-elevation  (over  land)  targets  and  the  higher  value  to  scarcely  manoeuvering,  high 
elevation  targets. 

f)  To  improve  the  track  initialization  and  the  resolution  of  crossing  tracks,  it  is  very  likely  that  other  information 
(than  x,  y  location)  be  required.  One  such  information  is  the  speed,  that  can  be  extracted  from  the  Doppler 
frequency  when  measured  from  two  widely  spaced  radars.  Another  one,  from  cooperating  targets,  is  the  IFF/SSR 
code. 

The  third  one  is  the  elevation  of  the  target,  that  in  the  case  of  non  cooperating  targets  requires  a  3D  capability 
with  height  errors  not  greater  than  300-1000  m. 

g)  The  system  shall  be  capable  of  detecting  and  tracking  jammers  by  self-triangulation  (i.e.  exploiting  the  movement 
of  its  own  platform)  and/or  by  triangulation.  It  is  desirable  that  the  system  include  some  redundancy  and  graceful 
degradation  against  anti-satellites  (A-SAT)  weaponry  and  against  the  electro-magnetic  pulse  (EMP)  due  to  a 
nuclear  blast. 


2.3.  Civilian  requirements 

There  are  three  basic  approaches  to  the  ATC  surveillance,  namely: 

i)  the  independent  surveillance:  it  does  not  require  any  cooperation  between  the  aircraft  and  the  ATC  systems  and  its 
sensor  is  the  primary  radar; 

ii)  the  cooperative  independent  surveillance:  it  requires  cooperation  but  is  independent  of  aircraft's  navigation  system; 
its  sensor  is  the  SSR; 

iii)  the  automatic  dependent  surveillance  (ADS),  based  upon  automatic  read-out  and  presentation  of  aircraft  navigation 
data;  no  pertaining  system  exist  today,  but  satellite-based  ADS  systems  have  been  proposed. 

The  ADS  can  lead  to  very  Interesting  systems  (from  both  the  performance  and  the  cost  point  of  view),  but  does  not 
comply  with  the  general  criterion  of  separating  the  main  ATC  function,  i.e.  the  communication,  the  navigation  and  the 
surveillance,  whose  Importance  has  been  recognized  by  the  International  Civil  Aviation  Organization  (22)  in  order  to 
guarantee  redundancy  and  cross-clock  capabilities. 

Therefore,  only  independent  surveillance  is  considered  in  this  paper.  The  ATC  surveillance  requirements  can  be 
divided  in  two  classes  pertaining  to  the  Terminal  Manoeuver  Area  (TMA)  and  to  the  En-Route  ATC. 

The  dense,  mixed  and  manoeuvring  traffic  of  the  TMA  calls  for  greater  accuracies  and  shorter  data  renewal 
intervals  than  the  En-Route  traffic.  Today's  En-Route  ATC-SurveiUance  and  tracking  has  data  rates  of  S  to  12  seconds 
and  accuracies  of  300-300  m  (and  even  coarser  near  the  maximum  range,  limited  to  330-400  Km  by  the  horizon). 

The  greater  potential  for  space-based  ATC  surveillance  is  for  the  En-Route  traffic,  as  the  TMA  surveillance  can  be 
expected  to  remain  ground-based  (i.e.  utilizing  the  combination  of  the  primary  radar  and  of  the  SSR,  generally  corotating 
at  the  airport  site). 
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Satellite  systems,  using  the  primary  radar  (9),  the  SSR  (19)  or  both  (20),  (21)  have  been  considered  for  ATC 
applications.  As  SSR  transponders  are  carried  on-board  of  most  aircraft  and  their  use  is  mandatory  above  8.400  m  (2S.OOO 
tty,  the  En-Route  surveillance  could  rely,  in  principle  on  the  SSR  alone. 

However,  the  SSR  surveillance  from  the  space  can  be  affected  by  some  significant  facts,  Including: 

a)  The  need  for  a  top-mounted,  circularly  polarized  antenna  on  the  aircraft  (for  dual  antenna  operation  with  switching 
on  the  strongest  interrogation). 

b)  The  limited  effective  radiated  power  (E1RP)  of  the  transponder  (as  low  as  70-100  W  in  some  cases). 

c)  Multipath,  especially  over  sea,  both  in  the  interrogation  and  in  the  reply  link. 

d)  interference  (fruit,  garble),  that  could  be  significant  during  the  transition  period  from  the  current  SSR  signal 
formats  to  the  Mode  S  formats  (notice  that  these  phenomena  should  be  very  limited  when  the  space-based 
surveillance  does  not  overlay  the  ground-based  surveillance). 

In  the  Mode  S  operation  the  unsolicited  replies  (squltter)  of  the  Mode  S  transponder  could  be  used  (19)  in  addition 
to,  or  instead  of,  the  replies  to  a  valid  interrogation.  The  advantage  of  this  technique  is  the  saving  of  transmitted  power 
(and  hence  the  reduction  of  the  cost  of  the  space  segment);  the  drawback  is  the  loss  of  the  "garble  free"  feature  of  the 
SSR  Mode  S  and  the  need  for  special  message  formats  to  initialize  the  data  transmission,  these  formats  not  being 
contained  in  the  present  Mode  S  draft  standards. 


3L  SYSTEM  OPTIONS  AMD  TRADEOFFS 

According  to  the  overall  requirements  of  the  previous  section,  different  system  options  can  be  considered. 

The  civilian  requirements  could  be  satisfied  by  a  space-based  secondary  radar  (SBSR)  either  including  geosynchro¬ 
nous  (at  36.000  km  height)  and  geostationary  (at  36.000  km  height,  on  the  equatorial  plane)  satellites  or  a  constellation  of 
lower -height,  orbitating  satellites.  In  both  cates  the  power  requirements  on  board  are  affordable,  because  they  call  for  a 
peak  transmitted  power  not  greater  than  a  few  kilowatts  with  duty  cycles  below  8%  -  10%  (19),  (20),  (21),  However,  due 
to  the  limited  radiated  power  of  the  transponder  (see  point  (b)  of  the  previous  paragraph)  the  power  budget  in  the  1090 
MHz  link  in  the  geosynchronous-geostationary  (CS)  solution  calls  for  a  very  large  satellite  antenna  (53-53  dB  gain 
corresponding  to  a  diameter  of  over  30  m).  Even  with  such  a  large  antenna,  the  angular  accuracy  in  the  aircraft  position 
location  is  very  modest,  i.e.  corresponding  to  an  rms  error  of  the  order  of  10  Km  or  greater;  this  calls  for  a  triangulation 
from  two  (using  the  height  information  from  the  transponder)  or  from  three  SBSR's  thus  increasing  the  system 
complexity  and  cost.  Moreover,  the  large  footprint  (typically,  300  x  400  Km7  wide)  of  the  CS  solution  emphasizes  the 
interference  problems  that  have  been  quoted  in  the  last  part  of  the  previous  section. 

A  constellation  of  SBSR  satellites  eliminate:  most  of  the  shortcomings  of  the  CS  solution  but  of  course  requires  a 
greater  number  of  satellites.  By  any  means,  the  surveillance  by  SBSR  only  does  not  seem  to  be  adequate  for  the  small 
aircraft  carrying  just  the  belly-mounted  L-band  antenna,  nor  for  some  military  aircraft  that  use  time  multiplexing 
between  top  and  belly  antennas. 

To  satisfy  both  civilian  and  military  requirements,  according  to  the  concept  of  multifunction-multiuser  systems, 
the  SBSR  surveillance  has  to  be  integrated  with  the  primary  radar  one,  i.e.  with  the  SBR. 

The  SBR  performance  being  affected  by  the  fourth-power -of-the-range  law  (14),  geostationary  or  high  orbits  (e.g. 
at  10.000  Km  height)  solutions  cannot  be  considered  (except  for  particular  applications  with  very  lorg  dwell  times)  and  a 
constellation  of  low -orbit  satellites  is  the  baseline  solution. 

The  pertaining  system  architecture  result  from  some  fundamental  choices  listed  hereafter. 

a)  Selection  of  height,  type  and  inclination  of  the  orbit. 

Reducing  the  height  for  assigned  dimensions  of  the  antenna(s)  means  increasing  the  angular  accuracy,  reducing  the 
footprint  (and  the  pertinent  SSR  interferences)  and  reducing  the  transmitted  power.  On  the  other  hand,  the  number 
of  satellites,  the  maximum  scan  angle,  the  number  of  footprints  to  be  scanned  and  the  minimum  grazing  angle  for  a 
required  coverage  area  tend  to  increase  with  the  height  decreasing. 

Once  the  height  of  the  orbit  above  the  middle  of  the  surveillance /tracking  area  (i.e.  the  Europe)  has  been  fixed,  the 
trade-off  between  a  circular  orbit  and  an  eliyptical  one  should  be  considered,  and  the  inclination  of  the  orbital 
plane  w.r.t.  the  equatorial  one  should  be  selected  in  order  to  maximize  the  weight  that  can  be  put  into  orbit  by  the 
selected  vector  (e.g.  Ariane,  the  Shuttle  or  other).  In  this  context,  environmental  effects  should  be  taken  into 
account,  and  basically  the  radiation  dosage  due  to  the  Van  Alien  belts  (9),  (23)  that  could  prevent  from  the  use  of 
highly-inclined  orbits  with  height  from  3000-4000  Km  to  10.000  Km. 

b)  Selection  of  the  operating  frequency 

While  the  SBSR  frequencies  are  fixed  by  the  worldwide  ICAO  standards  for  the  SSR,  the  SBR  frequencies  can  be 
selected  within  the  radar  bands.  These  frequency-dependent  propagation  phenomena  should  be  taken  into  account: 

i)  Attenuation  (in  good  and  bad  weather)  (14) 

ii)  Faraday  rotation  (5),  (15) 

iii)  Scintillation  (26) 

The  former  favours  low  frequencies,  while  Faraday  rotation  and  scintillation  increase  as  f'2  and  favour  high 
frequencies. 

to  most  cases  (3),  (6),  (8),  (9)  the  trade-off  lead  to  frequencies  in  the  l  or  in  the  S  band,  i.e.  in  the  classical  bands  of 
long-range  radars  where  proven  technology  is  available. 

c)  Selection  of  the  number  of  satellites. 

The  number  of  satellites  required  for  the  assigned  coverage  and  data  rete  (tee  the  previous  section)  depend  upon: 

i)  The  height  of  the  orbit. 

ii)  The  maximum  scan  angle  of  the  antenna. 
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iii)  The  uk  of  triangulation. 

The  latter  items  requires  some  comments.  The  angular  radar  error  from  typical,  low -elevation  satellites  (slant 
ranges  up  to  6000  Km)  correspond  to  typical  aircraft  location  errors,  in  the  cross  range  direction,  of  the  order  of  3- 
6  Km  for  the  SflR  and  of  1-2  Km  for  the  SBSR.  On  the  other  band,  typical  range  errors  are  one  order  of  magnitude 
less  (and  even  less,  e.g.  twenty  or  thirty  times  smaller,  for  SBSR).  The  use  of  two  or  three  simultaneous  range 
measurement  to  increase  the  position  accuracy  is  attractive  in  these  situations,  the  price  to  be  paid  being  the 
increase  of  the  number  of  satellites. 

d)  Selection  of  the  antenna  scanning  law,  type,  polarisation  and  gain 

Different  types  of  antennas  have  been  considered  for  SBR,  including  reflectors,  space-fed  arrays  (lenses), 
corporate-fed  planar  arrays  and  active  arrays  (4),  (3),  (6).  Possible  scanning  laws  include  slow  scan  (mechanical), 
fast  scan  (electronical),  limited  scan  and  lull  (e.g.  by  ♦  60*)  scan.  Both  single  beam  and  multiple  beams  solution 
have  to  be  considered.  The  number  of  footprints  (beam  positions)  to  be  scanned  during  the  transit  time  of  each 
satellite  over  the  coverage  area,  as  well  as  the  geometry  of  the  problem,  lead  the  selection.  At  far  as  polarisation 
is  concerned,  the  requirement  of  lowering  land/sea  clutter  power  (for  SBR)  call  for  horizontal  polarisation  while 
the  requirement  of  reducing  reflections, especially  for  SBSR  over  sea,  call  for  vertical  polarisation  (reflection 
coefficients  over  sea  at  3*  grazing  angles  and  L-band  are  close  to  0.99-0. 9g  for  horizontal  polarisation  and  close  to 
0.40  for  horizontal  polarisations  (14)),  Moreover,  lowering  rain  clutter  power  call  for  circular  polarisation. 

e)  Definition  of  the  power  budget  and  of  the  prime  power. 

A  basic  task  of  the  SBR  design  is  the  minimisation  of  the  power  requirements  (the  ones  of  the  SBSR  being 
relatively  negligible  in  an  integrated  system).  The  constant  parameter  of  this  optimisation  process  is  the 
cumulative  detection  probability  (25)  for  a  target  in  the  surveillance  area  (see  item  (b)  of  sect.  2.2),  from  which  the 
single-look  detection  probability,  and  hence  the  transmitted  power,  can  be  evaluated  after  optimum  number  of 
looks. 

As  far  as  the  prime  power  source  is  concerned,  discarding  nuclear  sources  for  safety  and  acceptance  reasons,  the 
solar  panels  remain  the  only  choice.  Batteries  should  be  included  to  guarantee  24  hr  operation;  their  use  results 
especially  convenient  for  a  limited  (i.e.  not  global)  coverage  as  they  allow  a  significant  reduction  of  the  panels 
area;  for  the  *90,  batteries  with  100  Wh  capacity  per  Kg  of  mass  are  expected  (10). 

f)  System  management  and  data  processing 
This  area  includes: 

i)  Detection  and  confirmation  strategy 

ii)  Primary  radar /SSR  (IFF)  integration 

iii)  Acquisition  and  track-while-scan  (TWS)  management  (including  time  sharing). 

iv)  On  board  vs.  on  ground  data  processing  (for  TVS) 

v)  SSR  Mode  S  channel  management. 

g)  Cost-effectiveness  analysis 

After  the  system  definition,  a  detailed  performance  evaluation,  possibly  aided  by  computer  simulation,  and  a  life- 
cycle  cost  analysis  should  be  carried  out  in  order  to  verify  that  the  considered  solution  is  cost-effective  with 
respect  to  an  alternative  one  having  the  same  performance,  including  ground-based  long-range  and  low-altitude 
(gap-filler)  radar  stations,  airborne  radar  systems  (2|)  for  the  areas  where  ground  stations  cannot  be  installed  and, 
sUtject  to  investigation,  satellite -based  passive  sensors  (in  the  optical,  infrared  or  microwave  frequencies)  for 
§urv*tlUnce  beyond  the  airborne  radar  horizon. 


4.  A  TYPICAL  SYSTEM  ARCHITECTURE 
4.1.  Overall  system 

From  the  retirements  of  section  2,  the  options  of  section  3  and  some  arbitrary  choices,  to  be  reevaluated  in  a 
further  study  (24),  the  following,  preliminary  architecture  results) 

a)  A  constellation  of  satellites  in  a  circular,  low  (height  of  750  -  1 100  Km)  orbit. 

b)  Radar  operation  in  the  L-bend  (I0J0-1090  MHz  for  the  SBSR  and  twtween  1250  and  1550  MHz  for  the  SBR), 
allowing  a  common  antenna. 

c)  Number  of  satellites:  from  1-10  (without  triangulation)  to  li-lt  (with  trier^ulttion). 

d)  Antennai  phased  array  with  full  scan  (angles  up  to  ♦  60*)  in  both  planes,  fast  scan  m  one  of  600  beam  positions,  two 
independent  beams s  one  for  the  SBR  (with  horizontal  polarization)  and  the  other  one  for  the  SBSR  (with  vertical 
polarisation).  Crazing  angtesi  greater  than  5*  for  SBSR  and  between  5*  and  33*  for  SBR,  limited  by  clutter  and 
propagation. 

Half-power  boamwidthi  about  0.6*  in  both  planes,  corresponding  to  a  700-900  square, meters  antenna  (depending 
upon  the  aperture  wRghtlng)  and  to  a  maximum  foot  print  dimension  of  200  x  53  km*  at  the  (minimum)  erazimt 
angle  of  )*. 

e)  Prime  power  on  board:  in  the  tens  of  KW  range,  with  batteries  bery  charged  for  about  15*  -  90V  of  the  time, 
allowing  the  tolar  panel  area  to  be  reAiced  by  the  same  amount  w.r.t.  a  continuous  operation  (global  coverage)  case 
at  the  expense  of  an  additional  weight  of  some  hundreds  of  kilograms. 

f)  SBR  and  SBSR  operation  thru  the  tame  antenna  with  two  independently  steerable  beams  and  a  basic  period  of  60 
seconds. 
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i)  SBR  warch:  on  (00  out  of  the  about  10.000  beam  petition*  (footprints),  with  (0  seconds  revisit  time  and  30 
milliseconds  dwell  time  at  the  maximum  range. 

ii)  SBR  tracking  (ol -non-cooperating  targets):  on  100  beam  positions,  with  revisit  time  from  3  to  20  i  (average: 
12.3  seconds)  and  dwell  time  from  10  to  30  ms  (average:  30  millisecond^,  both  depending  on  the 
characteristics  of  the  target.  Sharing  of  30%  of  the  time  between  search  and  tracking. 

iii)  SBSR  acquisition:  by  all-call  interrogation  (with  a  selectable  interrogation  beamwidth)  or  by  hand-off  of  Mode 
S  targets  previously  acquired  by  another  SBSR. 

iv)  SBSR  track**  (surveillance  and  data  link)  up  to  10.000  Mode  S  targets  with  an  average  dwell  time  of  0.8  ms 
(actual  values  ranging  from  1-2  ms  at  the  smallest  grazing  angles  to  0.1  -  0.2  ms  at  the  greatest  grazing 
angles)  and  an  average  revisit  time  of  S  seconds  (revisit  times  anging  from  2  to  16  seconds  according  to  the 
target  manoeuvrability  and  to  the  data  transmission  requirements). 

(Note  that  electronic  scan  of  the  SBSR  antenna  not  only  does  improve  the  date  link  capacity  (17)  but  does 
allow  an  efficient  time  management  because  each  beam  position  is  scanned  just  when  a  reply  is  expected 
from  that  position,  saving  most  of  the  round-trip  time  ("fast  scan  mode")). 


*.2.  Typical  coverages 

Let  us  consider  for  convenience  the  following  orbital  parameters. 

i)  Type  of  orbit:  circular. 

ii)  Elevation  730  Km  (i.e.  the  lowest  compatible  with  a  minimum  grazing  angle  of  3*  and  a  radius  of  the 
coverage  area  of  3300  Km). 

iii)  Inclination  of  the  orbit:  73*  with  an  ascending  node  of  0*  longitude 

Following  a  single  satellite  in  its  motion,  some  successive  positions  of  the  area  that  can  be  scanned  by  the  antenna 
beams  are  shown  in  Figures  I,  2,  3,  *  pertaining  to  the  satellite  longitudes  of  5*,  7*,  17*  and  30*  respectively  showing 
the  SBR/SBSR  potential  for  very  wide  coverages  even  at  relatively  low  orbits. 

The  dimensions  of  the  footprint  in  a  particular  point  of  the  coverage  area  (eastern  Sicily)  for  an  antenna  beamwidth 
of  0.6*  (25  x  23  to  30  x  30  rn  aperture)  are  ihown  in  Figures  3  and  (  for  a  satellite  longitude  of  5*  and  1 5*  respectively, 
showing  the  SBR/SBSR  potential  for  high  resolution  and  accuracy. 


3.  AREAS  OF  RESEARCH  AND  FURTHER  STUMES 

The  main  areas  of  further  study  include  system  trade-offs  and  design,  sub-systems  and  related  technologies.  The 
system  areas  have  been  referred  to  in  the  previous  sections,  and  the  main  pertaining  research  should  refer  to: 

Optimisation  of  the  overall  system  and  cost-effectiveness  analysis. 

Time-power  management  for  SBR  surveillance  and  tracking. 

Time  management  for  SBSR  surveillance,  tracking  and  satellite-to-aircraft  data  link. 

On-board/on  ground  date  processing  trade-off  and  related  data  transmission  requirements,  including  satellite-to- 
satellite  links. 

Compensation  of  propagation  effects. 

The  siib-iystem  areas  include: 

Target  data  (position,  elevation  and  speed)  measurement  and  related  techniques  (trianguiation,  superresolution, 
doppler  frequency  measurement,  ambiguity  solution,  3-D  techniques  etc.) 

SBR  technique*  (Moving  Target  todicator  and  Synthetic  Aperture  modes,  Displaced-Phase  Centre  Antennae, 
bistatic  Vs.  monostatic,  ECCM,  jammer  location,  waveform  design  and  pulse  compression,  post-detection 
processing  etc.). 

Phased  srray  techniques  (antenna  configuration,  beam  steering  and  beam  forming,  adaptivity  etc.). 

The  technological  areas  include: 

Prime  power  sources 

Very  large  scanning  antennas 

Active  array  modules 

Beam  farming  networks 

Beam  steering  processors 

Fast  on  beard  computers  for  radar  management. 

Puke  compression /expansion  networks 
Fast  programmable  tlpial  processors. 

%  OONCLUMN 


Active  microwave  sensors  have  the  imique  capability  of  a  long-rant*,  all-weather,  2t -hours  operation  in  both  a 
cooperating  and  a  nan-cooperating  snvlronmtt. 

Combination  of  this  capability  with  the  practically  tm limited  field  of  view  of  satellite  system*  bsbto  vary 


mpaalirw  satellite  surveillance  systems  architectures,  including  space-based  radars  and  space-based  secondary  radars  for 
both  civilian  and  military  applications. 

Relevant  studies  are  being  carried  on  in  the  USA  (inter  alia,  at  the  Lincoln  Laboratory  of  the  MIT,  at  the  Naval 
ninssrrh  L Moratory,  at  the  3.P.L.  of  the  Caltech  at  the  Federal  Aviation  Administration  and  in  some  big  Companies) 
and  in  Canada  (at  the  Communication  Research  Centre  of  the  Canadian  Government  and  in  two  Companies).  Moreover, 
since  1913  the  USSR  has  in  operation  two  Radar  Ocean  Surveillance  Satellites  (RORSAT)  for  surveillance  of  ships  and 

A  very  preliminary  surveillance  system  architecture  for  European  applications  has  been  described  in  this  paper;  it 
is  felt  that  the  multi-function  and  multi-users  solution  is  the  most  suitable  for  such  a  large,  space-based  system. 

An  European  cooperation  effort  would  be  required  in  order  to  develop  this  system,  starting  from  a  feasibility  study 
and  a  workpLwi.  Items  to  be  early  investigated  include;  (i)  the  potential  users  and  the  pertaining  surveillance 
requirements,  (ii)  the  characteristics  and  models  of  the  targets  and  of  the  environment  and  (iii)  the  most  critical 
ttchnok)|kn  ind  techniques 

It  is  felt  that  now  it  is  neither  too  tarty  ter  a  similar  project  to  get  started  (as  the  critical  technologies  are 
developing  very  lastly,  including  MM  1C  and  VLSI/VHPIC)  nor  too  late,  as  the  recent  gap  between  Europe  and 
USA/Canada  in  the  area  of  space-based  radar  systems  could  be  filled  with  a  manageable  effort  and  sinergistic  utilisation 
of  the  conspicuous  relevant  know-how  of  the  various  European  partners. 


•d*  tv  m  ■  m  *  m  m  r* 


FIG .  7  -  COVE* AG*  AT  SATELLITE  LONGITUDE  7 


FIG.  3  -  COVERAGE  AT  SATELLITE  LONGITUDE  17* 


FIG.  *  -  COVERAGE  AT  SATELLITE  LONGITUDE  30 
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SUMMARY 

[  ^-There  can  be  no  doubt  that  Mode  S  will  be  part  of  tomorrow's  ATC  radar.  Its  assets  In  terms  of  air 
traffic  surveillance  and  data  link  are  recalled.  Fundamental  characteristics  are  Its  comptatlblllty  with 
existing  SSR's,  selective  Interrogation  and  monopulse  reception.  The  monopulse  SSR  Is  a  landmark  in  the 
transition  towards  Mode  S  ;  It  contributes  several  major  Improvements,  without  requiring  onboard  trans¬ 
ponders  to  be  changed.  Choices  made  In  4he>1mplementat1on  of  the  system  are  discussed.  In  particular  as 
regards  the  antenna,  transmitter,  reception  and  processing  techniques.  Through  these  options,  full  Mode  S 
compablllty  Is  maintained.  Practical  results  have  turned  out  to  be  conclusive,  and  so  the  system  was 
taken  Into  production  and  already  many  stations  are  operational  round  the  world.  The  Mode  S  extension 
which  has  to  be  added  to  the  monopulse  radar  Is  also  described,  and  It  Is  being  operated  at  Orly  as  part 
of  an  experimental  development  programme. 

INTRODUCTION 


A  review  of  the  state-of-the-art  techniques  evidences  that  the  Mode  S  is  to  be  the  key  tool  of  air 
traffic  control  of  the  90's.  The  United  States  have  already  embarked  on  an  ambitious  investment  plan  to 
provide  the  nation's  entire  upper  air  space  with  Mode  S  coverage  by  1991.  Besides,  other  nations  among 
which  the  USSR,  Japan,  France,  the  United  Kingdom,  the  Federal  Republic  of  Germany  and  others  are  making 
advances  towards  Mode  S  implementation  by  conducting  research  and  experimentation  on  the  subject,  or  by 
setting-up  monopulse  secondary  stations  compatible  with  Mode  S  development. 

The  SICASP  work  group  which  was  entrusted  by  ICAO  with  the  drafting  of  regulations  on  Mode  S,  submitted 
the  "SARPS"  project  (for  standards  and  recommendations)  for  ICAO  member  states'  approval.  Guidelines, 
also  called  "green  pages"  and  procedures  related  to  Mode  S  are  to  complete  the  standardization  plan  by 
the  year's  end. 

The  general  Interest  aroused  by  the  Mode  S  Is  In  great  part  explained  by  the  remarkable  progress  which  it 
makes  possible  In  the  control  of  air  traffic  and  by  the  promising  perspectives  which  ;t  opens  up  in 
ground-to-air  communications.  Thanks  to  technological  developments  In  radio  frequencies  and  data  proces¬ 
sing,  Mode  S  enables  certain  techniques  to  be  applied  which  endow  it  with  decisive  and  valuable  assets. 

ADVANTAGES  OF  THE  MODE  S 

Safety  Is  enhanced  by  Mode  S  utilization  In  traffic  surveillance.  The  integrity  and  reliability  of  the 
Information  sent  to  the  operational  centre  Is  greatly  Improved  by  the  choice  of  signal  formatting, 
message  structures,  protecting  devices,  as  well  as  the  nature  of  protocols  and  processing  used.  The 
monopulse  reception  and  single  address  selective  Interrogation  techniques  greatly  Improve  results  In 
detection,  locating  and  Identification  of  aircraft.  The  better  performance  is  far  more  evident  and 
tangible  In  area  of  dense  traffic,  where  the  conventional  secondary  radar's  shortcomings  are  clear.  Thus 
traffic  management  Is  streamlined  and  optimized  by  the  reduction  of  separation  minima,  which  allows  an 
Increase  In  the  system's  total  capacity  and  an  appreciable  reduction  of  fuel  consumption. 

The  bi-directional  data  link  used  In  Mode  S  offers  considerable  application  potential.  It  may  be  a  very 
valuable  aid  In  the  Individual  management  of  flights,  and,  on  a  par  with  VHF  or  satellite  links,  it  may 
usefully  convey  technical  and  meteorological  Informatlin  or  even  Information  of  quite  a  different  nature, 
possibly  strategic,  too.  In  another  context.  Most  probably,  the  first  applications  are  likely  to  be  as 
follows  : 

Up-IInk  :  safeguarding  of  the  VHF  Instructions,  clearance,  flight  level  allocation.  Information 
extracted  from  the  ground  data  bank  (meteorological  by  example),  etc., 

Down-link  :  flight  plan  number,  temperature  and  airspeed  measurements,  aircraft  key  parameters, 
(bearing,  horizontal  and  vertical  speed,  rolling).  This  last  type  of  Information  may  be  useful  also 
when  It  comes  to  refining  the  tracking  predictions  at  ground  station  level. 

Another  Important  asset  of  Mode  S  Is  Its  compatibility  with  the  ACAS  airborne  anti-collision  system  which 
radiates  signals  having  the  same  formats,  and  which  Incorporates  a  Mode  S  transponder.  With  these  diffe¬ 
rent  advantages.  Modes  S  makes  real  headway  towards  the  full  automation  of  air  traffic  control. 

RECALL  OF  PRINCIPLES 

SSR  COMPATIBILITY 

The  definition  of  Mode  S  techniques  was  to  a  large  extent  Influenced  by  the  need  for  total  compatibility 
with  other  SSR.  Thus,  at  all  times  transponders  and  Mode  S  stations  may  be  Integrated  Into  an  existing 
SSR  environment. 
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Compatibility  in  practice  mean s  haying  two  fundamental  characteristics  : 

Continuity  in  surveillance  :  SSR  stations  just  like  Mode  S  stations  can  perfectly  well  handle  air¬ 
craft  equipped  with  SSR  transponders  and  aircraft  having  Mode  S  transponders.  Figure  1  shows  the 
nature  of  interrogations  and  replies  exchanged. 

Coexistence  of  two  radio-electric  systems,  operating  on  the  same  transmission  frequency  (1030  MHz) 
and  reception  frequency  (1090  MHz)  :  the  performance  of  each  system  is  not  perturbed  by  interference 
from  the  other  system  (this  is  seen  from  the  rate  of  asynchronous  replies,  transponder  inhibition 
time  and  detection  probability). 

SELECTIVE  INTERROGATION 

Selective  interrogation  is  the  very  essence  of  Mode  S.  It  is  the  outcome  of  techniques  previously  stu¬ 
died  :  the  DABS  in  the  USA,  and  the  ADSEL  technique  in  the  United  Kingdom.  In  the  conventional  SSR, 
interrogation  is  aimed  at  all  the  aircraft  found  in  the  antenna's  directional  lobe.  This  results  in 
overlapping  replies,  sometimes  very  difficult  to  sort  out,  whenever  aircraft  are  close  together.  In  the 
new  system  a  once-and-for-al 1  address  is  aimed  at  each  aircraft  having  a  mode  S  transponder.  Coding  is  on 
24  bits,  hence  allowing  for  16  million  different  combinations.  This  type  of  address  makes  it  possible  to 
keep  track  of  aircraft  by  means  of  individual  interrogations  (called  ' 'roll-call " )  and  to  set  up  a  data 
link  with  each  of  them.  The  way  roll-call  interrogations  are  sequenced  is  such  as  to  avoid  any  over¬ 
lapping  of  replies,  thus  averting  altogether  risks  of  synchronous  garbling. 

A  mode  S  station  transmission  pattern  is  in  fact  an  alternation  of  selective  roll-call  interrogations 
with  general  “all-call"  interrogations.  The  latter  are  sent  out  to  control  those  aircraft  which  are 
equipped  with  conventional  SSR  transponders,  and  also  to  establish  the  initial  acquisition  of  Mode  S 
transponders  equipped  aircraft  as  they  enter  into  the  radar’s  area  of  responsibility  and  whose  individual 
address  is  not  yet  known.  Once  this  contact  is  established,  the  ground  station  sends  out  to  the  Mode  S 
transponder  an  order  to  lock  out  on  its  all-call  interrogation  thus  the  transponder  no  longer  transmits 
interfering  replies. 

NATURE  OF  INTERROGATIONS  AND  REPLIES 

Figure  2  shows  the  formats  of  the  various  interrogations  and  replies  exchanged  between  the  Mode  S  station 
and  transponders  ;  there  are  2  types  of  interrogations. 

Intermode  interrogations  (figure  2. a)  :  these  are  derived  from  conventional  SSR  interrogations,  the 
only  difference  lying  in  the  addition  of  another  P4  pulse,  which  is  of  variable  length.  The  coding  of 
these  interrogations  is  unchanged  and  is  determined  by  the  spacing  between  pulses  PI  and  P3.  In 
response  to  these  interrogations,  an  SSR  transponder  will  ignore  P4  and  send  out  its  reply  normally. 
The  Mode  S  transponder,  on  the  other  hand,  will  react  to  P4  according  to  its  duration.  It  will  not 
reply  to  an  interrogation  when  meeting  a  short  P4  pulse  (0.8  us  long, SSR  only  all-call  type  interro¬ 
gation).  It  will  reply  to  a  long  P4  pulse  interrogation  by  sending  out  its  address  (1.6  us  long.  Mode 
S/A  or  C  all-call  type  interrogation).  A  pulse  P2  is  transmitted  on  the  control  channel  to  inhibit 
transponders  receiving  Interrogations  from  the  side  lobes  (ISLS).  Another  pulse,  PI,  may  also  be 
transmitted  on  the  same  channel  to  reduce  effects  of  reflected  interrogations  (I ISLS  process). 

Mode  S  interrogations  (figure  2.b)  :  these  are  exclusively  used  for  Mode  S  transponders.  They  are 
made  up  of  three  pulses  :  PI,  P2  and  P6.  The  first  two  inhibit  the  SSR  transponders,  which  conse¬ 
quently  is  not  triggered  off  at  the  third  pulse  unnecessarely.  The  third  pulse  P6  contains  infor¬ 
mation  coded  by  DPSK  modulation  (differential  phase  shift  keying)  ;  this  is  well-adapted  to  this  kind 
of  transmission  because  of  its  imnunity  to  interference  and  to  multipaths  effects.  Data  are  coded  on 
56,  or  112  bits  and  the  last  24  bits  are  a  combination  of  the  aircraft  target  address  with  a  sophis¬ 
ticated  polynomial  parity  calculation.  The  error  detection  device  causes  the  interrogation  to  be 
rejected  by  the  transponder  if  the  message  received  is  incorrect.  Mode  S  interrogations  are  of  two 
different  types  : 

Like  the  Mode  S/A  or  C  all-call  Intermode  interrogation,  the  Mode  S  only  all-call  interrogation,  is 
unaddressed  and  used  for  initial  acquisition  of  aircraft  before  their  address  is  known  by  the  sta- 
tlon. 

Roll-call  interrogations  fall  into  one  of  the  following  three  categories  : 

Simple  surveillance  type  Interrogations  requesting  altitude  or  Mode  A  code  (56  bits  long). 

.  The  same  Interrogations  as  above,  to  which  are  added  56  data  bits,  called  comm  A  (112  bits  long). 

.  Extended  length  messages,  112  bits  long  Including  80  data  bits,  which  may  be  chained  together  in 

groups  of  1  to  16  called  comm  C,  to  be  used  for  data  link  applications  requiring  high  capacities. 

Another  pulse  P5  is  also  radiated  on  the  control  channel  so  as  to  cancel  replies  to  interrogations  on 
side-lobes  by  masking  the  ohase  reversal  synchronization  signal  of  P6  pulse. 

Mode  S  transponder  sends  out  a  conventional  reply  (figure  2.d)  to  SSR  stations  and  this  reply  con¬ 
sists  of  two  framing  pulses  FI  and  F2  plus  12  code  pulses.  As  for  its  response  to  Mode  S  stations, 
(intermode  or  Mode  S  specific)  it  consists  of  a  preamble  of  4  pulses  followed  by  PPM  modulated  coded 
information.  (See  figure  2.c).  Using  this  modulation,  as  well  as  an  error  correction  device  based  on 
the  same  polynomial  and  cyclical  method  up  to  transmission,  leads  to  a  very  high  probability  of 
correct  decoding  even  with  interfering  SSR  replies.  The  replies  are  classed  in  the  same  kind  of 
categories  as  the  Interrogations  :  simple  surveillance  reply  with  56  bits,  Comt  B  with  112  bits  and 
Conn  0  messages  which  may  be  chained  together  in  groups  of  1  to  16. 


SSR  INTERROGATIONS 


MODE  NOV  ALL-CAU  :t*uttC 
MODE  A/C  ONLY  ALL-CALL  :  V  u  SEC 


Fig  3  MONOPULSE  PRINCIPLE 


32-4 


MONOPULSE  RECEPTION 

The  monopulse  technique  gives  an  off-boreslght  angle  information  on  all  signals  received,  that  Is  to  say, 
it  gives  the  angle  between  the  transponder  bearing  and  the  antenna  axis.  Theoretically,  the  monopulse 
technique  can  be  classified  Into  the  phase  monopulse  and  the  amplitude  monopulse.  In  the  phase  technique, 
similarly  to  what  is  observed  in  interferometry,  the  phase  difference  between  two  signals  received  on  two 
“antennas"  having  different  phase  centres  Is  measured  (figure  3. a).  This  Is  due  to  the  path  difference 
when  the  source  is  not  on  the  axis  of  the  “antennas".  In  amplitude  monopulse,  the  amplitude  is  measured 
between  two  signals  received  on  two  “antennas",  which  have  different  boresights  but  the  same  phase 
centre  (figure  3.b).  Yet,  theoretically,  these  two  monopulse  techniques  are  considered  to  be  related, 
since,  by  combining  signals  it  is  possible  to  switch  from  one  to  the  other. 

In  practice,  a  monopulse  antenna  produces  two  specific  patterns  (sum  channel  £  and  difference  channel  A), 
which  may  be  viewed  as  a  combination  of  the  amplitude  and  phase  patterns,  although,  in  actual  fact,  the 
creation  of  the  patterns  by  the  antennas  is  more  complex  (figure  3.c).  The  sum  channel  is  used  in  the 
conventional  way  for  interrogation  and  detection  of  replies  in  the  antenna  lobe.  Since  the  amplitude  of 
the  difference  channel  in  the  main  lobe  varies  rapidly,  it  is  used  to  measure  accurately  and  unambi¬ 
guously  the  off-boresight  angle  of  the  received  signal.  This  measurement  must  be  scaled  by  the  amplitude 
received  on  channel  £  so  as  to  make  it  independent  from  the  signal  power.  Monopulse  receivers  estimate 
the  off-boresight  angle  voltage,  proportional  to  log  A/£,  or  <p  =  Phase  (£+jA/£-jA)  =  2  tg'1  A /£ 

With  the  monopulse  technique,  therefore,  it  is  possible  to  locate  accurately  an  aircraft,  on  receiving 
only  one  reply  from  its  transponder  and  as  a  result  : 

The  fundamental  requirement  for  Mode  S  is  satisfied,  namely,  the  ability  to  provide  surveillance  of 
Mode  S  transponders  with  a  single  hit  per  antenna  scan. 

To  achieve  considerable  progress  in  the  surveillance  of  SSR  transponder  equipped  aircraft,  compared 
with  the  results  given  by  conventional  sliding  window  processing  techniques.  The  decisive  advantage 
of  the  monopulse  SSR,  which  is  particularly  noticeable  in  areas  of  dense  traffic  or  interference, 
lies  in  the  greater  azimuth  accuracy  and  better  discrimination  between  targets  close  together,  by 
processing  garbled  replies.  This  also  introduces  a  valuable  reduction  in  the  interrogation  frequency 
(a  ratio  of  2  to  3  is  typical). 

PROJECTS  UNDERWAY  IN  FRANCE 


Work  began  in  France  in  the  seventies,  on  request  by  the  French  Civil  Aviation  Technical  Department 
(STNA).  A  first  stage  involved  integrating  secondary  monopulse  sources  onto  L-band  primary  antennas,  and 
evaluating  a  monopulse  SSR  reception  and  processing  chain.  Then  the  specifications  for  a  Mode  S  station 
were  laid  down,  by  defining  the  following  two  complementary  sub-systems  : 

1.  The  monopulse  secondary  radar  comprising  antenna,  interrogator-receiver  and  the  SSR  aircraft  surveil¬ 
lance  processing. 

2.  The  Mode  S  extension  which,  once  integrated,  completely  manages  the  station's  operation  :  sequencing 
of  interrogation/replies.  Mode  S  transponder  surveillance,  data  link,  etc. 

With  this  approach,  it  was  possible  to  define  and  implement  a  monopulse  secondary  radar  genuinely  compa¬ 
tible  with  transition  to  Mode  S.  Introducing  the  monopulse  technique  has  entailed  a  complete  review  of 
the  entire  secondary  radar  chain.  As  a  result,  certain  fundamental  technical  options  were  taken  :  the 
integrated  primary  antenna  was  left  aside,  in  favour  of  the  LVA,  preference  being  given  to  phase  recep¬ 
tion  over  amplitude  reception,  and  sophisticated  digital  decoding,  fully  programmed  post-processing  and 
tracking  were  chosen. 

This  radar  was  experimented  at  Orly  Airport  and  fully  approved.  It  was  then  put  into  production,  and  it 
was  the  very  first  operational  monopulse  radar,  when  the  Linz  station  was  inaugurated  in  1984.  Since,  it 
has  also  been  installed  to  equip  : 

En-route  stations  with  L-band  primary  radars  (figure  7), 

Approach  stations  with  S-band  primary  radars  (figure  8), 

-  Autonomous  secondary  stations  (figure  9). 

The  Mode  S  extension  is  incorporated  into  the  experimental  station  at  Orly.  It  is  soon  to  be  used  in 
further  experiments  carried  out  jointly  by  the  STNA  and  the  CAA  on  the  one  hand,  since  they  supply  the 
ground  stations  and  on  the  other  hand  EUROCONTROL  who  is  likely  to  provide  a  number  of  aircraft  from  AIR 
FRANCE  and  BRITISH  AIRWAYS  with  Mode  S  transponders. 

SYSTEM  DESCRIPTION 


An  example  of  Mode  S  station  block  diagram  is  given  in  figure  4. 

The  parts  belonging  to  the  monopulse  station  as  it  is  proposed  today  are  shown  in  white,  while  the  grey 
parts  show  the  items  to  be  incorporated  to  make  the  station  fully  Mode  S  operational. 

MONOPULSE  SECONDARY  RADAR  STATION 

When  the  system  was  being  defined,  design  was  influenced  by  the  following  alms  : 

-  To  optimize  performance  through  appropriate  technical  and  technological  choices  (for  example,  opting 
for  a  phase  receiver,  and  for  an  entirely  solid-state  transmitter). 
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To  warrant  complete  compatibility  with  Mode  S  specifications,  taking  all  necessary  precautions  to 
avoid  restrictions  that  would  result  from  certain  future  developments  (for  example  :  stability  of  the 
transmission  frequency  at  +  10  KHz,  Integration  of  DPSK  modulation). 

To  guarantee  the  greatest  possible  adaptability  to  the  site,  for  example,  automatic  processing  to 
guard  against  reflections. 

To  seek  maximum  availability  by  duplicating  all  operational  electronic  equipment  and  by  Imposing 
stringent  reliability  constraints. 

To  reduce  purchase,  running  and  complete  life-cycle  costs,  through  the  modular  design  and  through  a 
suitable  maintenance  policy  (for  example  by  implementing  remote  control  and  remote  monitoring). 

ANTENNA 

Guided  by  the  experience  already  gained  in  monopulse  radar  technology  and  subsequently  to  experiments 
made  with  integrated  primary  antennas,  a  choice  was  soon  made  in  favour  of  a  Large  Vertical  Aperture  type 
antenna  (LVA).  This  antenna  has  two  major  characteristics  aimed  at  ensuring  maximum  stability  in  the 
measurement  of  the  aircraft's  off-boresight  angle  Independently  of  the  elevation  angle  and  which  also 
have  the  effect  of  reducing  to  the  minimum  the  effects  of  ground  reflected  signals  (1)  : 

A  gain  variation  in  elevation  Identical  (parallel)  In  Z  and  A  patterns  which  are  used  for  monopulse 
measurement. 

A  sharp  ground  roll-off  (gain  decrease  along  the  horizon)  better  than  1.8°  per  dB. 

The  antenna's  efficiency  in  coping  with  multipaths  has  been  evidenced  at  the  mountainous  site  of  Kiona 
(Cyprus),  which  was  characterized  by  reflections  of  all  kinds. 

The  monopulse  antenna  is  made  up  of  an  array  of  vertical-polarized  radiating  feeds,  arranged  in  columns. 
The  amplitude/phase  distribution  on  the  columns  has  been  designed  to  control  the  azimuth  shape  in  the  3 
patterns,  i.e.  :  the  sum  Z,  the  difference  A  and  the  control  ft  (figure  5).  The  pattern  in  elevation  is 
shaped  by  the  power  distribution  equivalent  on  feeds  which  is  identical  In  all  columns,  providing  an 
elevation  pattern  optimized  according  to  a  cosecant  squared  law.  The  fact  that  all  three  patterns  are 
generated  using  the  same  columns  Implies  that  there  will  be  equivalent  variation  of  patterns  in  eleva¬ 
tion,  while  the  phase  centres  will  always  be  kept  identical. 

The  antenna  position  data  take-off  is  coded  on  14  bits.  Such  accuracy  is  necessary  in  view  of  the  coding 
accuracy  achieved  for  the  off-boresight  angle  information  by  the  processing  equipment.  The  rotary  joint 
and  antenna  down  lead  cause  remarkably  little  loss,  are  highly  stable  in  phase  especially  in  an  environ¬ 
ment  of  temperature  changes,  and  do  not  need  any  periodic  checking. 

RECEIVER 


The  off-boresight  angle  measurement  which  is  carried  out  in  the  receiver  is  In  fact  a  true  angle  measure¬ 
ment,  which  is  not  the  case  in  applications  of  the  type  "tracking  radar",  where  the  aim  is  simply  to 
keep  the  target  in  the  antenna  axis.  The  receiver  is  well  suited  to  both  antenna  types  mentioned  above, 
the  integrated  primary  antenna  and  the  LVA  antenna.  For  both  antennas,  the  off-boresight  angle  is  calcu¬ 
lated  from  the  E  and  A  RF  signals.  Along  the  antenna  axis,  A  becomes  null  and  the  Z  and  A  relative  phase 
ft  rotates  by  180°  on  crossing  the  axis. 

Today,  two  main  techniques  are  implemented  to  extract  the  angular  information  :  the  amplitude  comparison 
method  and  the  phase  comparison  method.  The  first  is  to  produce  logarithmic  videos  log  |E|  and  log  |A|, 
and  to  compute  the  difference,  which  gives  log  |A|/|E|.  The  log  lA|/|E|  measurement  indicates  at  what 
angle  the  aircraft  Is  situated  with  respect  to  the  antenna  axis  ;  however,  at  this  stage  it  is  not  known 
whether  this  is  to  the  right,  or  to  the  left  i.e.  whether  it  is  a  +  or  -  sign  (figure  6. a).  The  right/left 
(+  or  -)  information  is  given  by  measurement  of  the  relative  phase  between  E  and  A.  The  second  technique, 
consists  in  combining  the  A  and  E  signals  into  phase  quadrature,  using  a  hybrid  coupler,  which  gives  the 
combined  E+jA  and  E-jA  signals.  The  off-boresight  measurement  involves  a  phase  measurement  on  the  one 
hand  between  E  and  E+jA  and  on  the  other  hand  between  E  and  E-jA  ;  and  the  results  are  sunned  so  as  to 
obtain  the  phase  angle  between  E-jA  and  E+jA  (figure  6.c).  These  angles  are  measured  in  amplitude-phase 
detectors  after  passing  through  limiters.  It  gives  a  continuous,  monotonic  curve  near  or  on  the  axis 
between  the  off-boresight  output  voltage  and  the  off-boresight  angle  (figure  6.b). 

After  much  experimenting  with  the  two  techniques,  the  choice  was  finally  made  in  favour  of  the  phase 
technique.  * 

Evaluations  conducted  in  France  with  calibration  and  normal  traffic  flights  have  evidenced  the  greater 
accuracy  of  the  half-angle  processor,  because  one  of  the  amplitude  receiver's  characteristics  is  that  it 
gives  sign  errors  at  the  lobe  centre.  Test  flights  effected  as  part  of  comparative  studies  by  the  FAA 
have  led  to  similar  conclusions.  In  fact,  the  difference  in  performance  is  quite  obvious  as  regards  the 
surveillance  of  aircraft  equipped  with  Mode  S  transponders  (2). 

This  difference  may  be  explained  In  several  ways. 

In  theory,  the  monopulse  receiver  combines  two  signals,  which  are  two  complex,  but  usual,  expressions  : 

E  *  Eo  exp.  j  (wt  +  0E)  and  A  •  Ao  exp.  j  (wt  +  0A) 

An  ideal  receiver  would  work  out  the  complex  relationship 

A  ,  Ao  exp  j  (0A  -  0E) 
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but  would  only  evaluate  at  the  output  the  real  component  (3)  : 
Re  (A)  ,  Ao  cos  (fA  -  9Z) 

(D  S 


which,  for  an  Ideal  antenna  (tZ  *  0,  #A  *  0  or  180°) 
would  give  :  Re  |A|  ,  +  ^  (Y) 

The  receivers  described  above  naturally  have  different  characteristics  froei  an  Ideal  receiver.  Yet  an 
analysis  of  the  phase  receiver  transfer  function  reveals  that  Its  curve  Is  very  close  to  that  of  an  Ideal 
receiver.  In  particular  at  the  lobe  centre.  This  explains  the  high  quality  of  performance  achieved  even 
when  errors  are  present,  whether  they  be  caused  by  several  targets,  by  multipath  or  by  noise. 

NB  : 

At  a  first  approximation,  the  Influence  of  noise.  In  terms  of  standard  deviation  off-axis  difference  Is  : 

*  9°  (  i  ♦  (kB  e/eo)*)1/2 

k  /  2n  S/N 

where  :  o0  :  standard  deviation  of  the  angle  error  k  :  monopulse  curve  slope  at  the  target  angle 

8  :  beanwldth  k  :  averaged  monopulse  slope 

o  in 

S/N  :  single  pulse  signal  to  noise  ratio  0  :  off-boreslght  angle 

Conversely,  the  amplitude  receiver,  which  Is  characterized  by  a  totally  discontinuous  curve  at  the 
centre,  does  not  behave  like  an  Ideal  receiver.  Theoretical  Investigations  demonstrate  that  measurement 
Is  degraded  by  up  to  3  dB  for  signal -to-nolse  ratios  from  10  to  20  dB  (4). 

In  practice,  two  main  difficulties  beset  the  Implementation  of  the  amplitude  receiver.  First,  circuits 
providing  log  £  and  log  A  videos,  which  must  Imperatively  be  matched  with  a  difference  of  much  less  than 
1  dB,  do  not  have  strictly  logarithmic  characteristics.  This  results  In  an  accuracy  error  throughout  the 
beamwldth  and  In  particular  on  the  beam  edges.  Also,  measurements  taken  at  the  lobe  centre  are  made 
directly  on  the  A  signal,  which  becomes  cancelled,  and  this  Is  technically  difficult  to  achieve,  as  It 
Involves  errors  In  value  and  In  sign.  This  drawback  occurs  at  a  point  even  where  the  energy  received  Is 
at  Its  highest  and  the  effect  of  Interference  minimum. 

A  receiver  of  the  type  half-angle  processor  was  chosen,  therefore,  considering  its  better  performance  and 
also  for  the  following  reasons  : 

The  stability  of  measurement,  in  time,  combined  with  the  reliability  of  the  technique,  have  shown 
that  this  system  needed  absolutely  no  periodical  recal Ibratlon. 

Despite  Its  apparent  complexity,  the  system  in  actual  fact  requires  only  three  limited  amplifiers  and 
only  one  additional  phase  detector.  It  entails  absolutely  no  extra  training  cost  or  particular 
maintenance  means. 

The  signals  observed  on  the  off-boresight  video  are  of  excellent  quality  and  In  particular,  the  zone 
where  the  signal  is  sampled  by  the  extractor  Is  wide  and  stable  compared  to  the  pulse  leading  edge. 

The  required  accuracy  Is  obtained  in  the  frequency  range  1087  to  1093  MHz,  which  Is  the  ICAO's 
tolerance  concerning  transponders.  In  fact,  the  accuracy  Is  preserved  within  a  ♦  5  MHz  margin,  since 
the  off-boreslght  angle  curve  changes  but  little  with  the  frequency.  Hence,  It  Is  possible  to  guaran¬ 
tee  the  same  accuracy  on  transponders  even  transmitting  outside  the  specified  limits. 

The  low-noise  RF  amplifiers  at  the  Input  confer  on  the  system  a  very  wide  dynamic  range. 

Furthermore  the  receiver  provides  the  log  |£|,  log  I A  |  and  log  |D|  videos  and  these  are  used  In  an 
RSLS  device  which  compares  these  various  signals.  It  Is  fitted  with  a  digital  STC  (Sensitive  Time 

Control),  programmable  In  range  and  azimuth  which  allows  the  radar  to  be  adapted  to  the  site  by 

selecting  the  right  sensitivity. 

INTERROGATOR  : 

The  Interrogator  may  either  be  driven  Internally,  In  normal  SSR  operation  or  driven  externally  when 
transmitting  Mode  S  Interrogations.  The  transmitter  Is  entirely  solid-state  and  has  the  following  charac¬ 
teristics,  which  are  Indispensable  to  Mode  S  operation  : 

Tolerance  on  the  transmission  frequency  (1030  MHz)  Is  less  than  +  10  KHz. 

The  transmitter  may  be  fitted  with  two  Independent  transmission  channels  :  for  E  and  O.  The  ISIS 
technique  and  the  I  ISIS  technique  may  be  used  respectively  In  mode  S  and  In  SSR.  The  IISLS  technique 

Is  used  In  such  a  case  only  for  small  sectors  finely  programnable  In  azimuth  and  located  In  the 

direction  of  reflector  planes. 


All  Z  transmission  channels  are  systematically  fitted  with  a  OPSK  phase  modulator  to  transmit  P6 
pulses. 


Form  factor  Is  another  fundamental  aspect  of  the  transailtter.  It  Is  mainly  determined  by  the  interro¬ 
gation  rate  of  the  radiated  Mode  5,  because  the  influence  of  intermode  interrogations  is  quite  weak  • 
0.5  i.  Specifications  chosen  are  : 

2  t  mean  rate  over  a  long  period  of  time  (longer  than  the  antenna  rotation  period). 

Up  to  SO  1  on  a  small  number  of  consecutive  interrogations. 

They  make  it  possible  to  control  over  400  aircraft  having  Mode  S  transponders ,  tritile  also  allowing  the 
transmission  during  an  antenna  scan  of  chained  Coni  A  messages  (up  to  4  with  each  of  them)  or  the  partial 
transmission  of  ELM  (com  C)  messages.  The  short  term  rates  offer  the  capability  of  coping  with  heavy 
sectorial  loads  and  to  keep  a  great  flexibility  In  the  sequencing  of  interrogation  replies  and  of  re¬ 
interrogation  in  the  lobe  if  the  first  transaction  has  failed.  These  assumptions  are  quite  adequate  In 
view  of  medium  term  applications  foreseable  in  data  links,  and  they  may  be  put  into  practice  at  a  reduced 
cost  thanks  to  progresses  made  in  RF  power  transistors  technology.  The  power  output  may  be  varied  dynami¬ 
cally  either  in  sectors  in  SSR  operation  or  selectively  on  each  interrogation  when  in  Mode  S  operation. 

SSR  PROCESS TH6  -  OUTLINE  (figure  10) 

The  object  is  to  provide,  for  each  antenna  scan  and  for  each  aircraft  within  the  radar  coverage  and 
equipped  with  an  active  transponder,  a  single  message  combining  all  the  radar  information  concerning  this 
aircraft.  Basically,  such  information  comprises  the  target  coordinates,  its  heading  and  speed,  the  codes 
detected  for  each  Interrogation  mode  and  possibly  the  time  for  the  reception  of  the  plot.  To  do  this,  at 
the  entry  of  the  processing  system,  the  video  signals  sent  by  the  receiver  and  the  various  regular  data 
such  as  antenna  position,  interrogation  mode  and  time  if  needed  are  collected.  The  plot  history  data 
established  over  several  antenna  scans  are  also  made  available. 

The  processing  technique  used  is  radically  different  from  the  conventional  sliding  window  techniques.  The 
latter  are  based  on  the  range  correlation  of  replies,  applying  a  criterion  of  K  detected  presences  out  of 
n  consecutive  interrogations.  In  the  conventional  method,  the  plot  azimuth  Is  calculated  from  the  amdian 
value  between  the  azimuth  of  the  first  detected  reply  and  the  azimuth  of  the  last  detected  reply,  which 
is  quite  the  least  accurate  when  it  comes  to  detection  problems  on  the  edge  of  the  lobe.  Also,  with  this 
technique,  the  discrimination  between  2  plots  at  the  seam  range  is  not  satisfactory  because  it  is  diffi¬ 
cult  to  distinguish  between  one  aircraft's  reply  and  another's. 

The  fundamentally  innovative  aspect  of  the  monopulse  technique  is  in  the  additional  target  location 
information  within  the  antenna  beam  (of f-boresight  angle  or  OBA).  With  this  signal,  it  becomes  possible 
to  calculate  for  each  reply  the  target  coordinates,  thus  correlating  in  azimuth  the  various  replies  from 
one  Interrogation  to  the  next,  and  to  process  the  codes  far  more  comprehensively  then  is  possible  with 
conventional  algorithms.  Processing,  although  it  should  be  conceived  of  globally,  may  be  analyzed  in 
three  parts  :  reply  processing  i.e.  decoding  of  SSR  elementary  replies,  the  association  of  these  replies 
from  recurrence  to  recurrence,  or  reply-to-reply  processing,  and  scan-to-scan  processing. 

DECODING  Of  ELEMENTARY  REPLIES 

The  aim  Is  to  detect  SSR  replies  and  to  collect  all  the  information  necessary  to  process  them  into  plots 
(range,  code,  OBA...).  Hence  the  decoder  simultaneously  processes  the  siaa,  RSLS  and  OBA  measurement  video 
signals. 

The  sum  video  is  used  to  seek  out  the  framing  pulses  F.  and  F?.  Presences  thus  detected  are  kept  if  the 
RSLS  video  indicates  that  the  signal  has  been  received*  on  the^main  lobe,  not  on  the  side  lobe.  Garbled 
replies,  i.e.  those  replies  which  are  separated  from  others  by  less  than  24. 65  us  are  marked  by  special 
bits  and  a  specific  post  processing  is  applied  to  them. 

The  Interesting  feature  of  the  decoding  process  is  that  all  the  code,  amplitude  and  OBA  measurement 
pulses  are  simultaneously  analyzed.  The  quantified  sum  video  and  the  digitally  coded  OBA  video  are  sent 
on  digital  delav  lines  (there  is  one  per  bit)  especially  designed  as  a  gate  array  and  having  outputs 
every  1.45  us.  (spacing  between  code  pulses).  Parallel  decoding  enables  a  greater  ni jober  of  data  to  be 
taken  into  account  to  be  used  in  post-processing  than  would  be  possible  with  serial  decoding.  Moreover, 
the  data  are  loaded  almost  Instantaneously,  there  is  no  danger  of  saturation. 

For  each  detected  presence,  a  message  Is  output.  It  contains  the  following  information  :  range,  code,  OBA 
measurement  for  each  pulse,  presence  OBA  reference,  garbling  indication  bits,  sum  video  amplitude,  and 
antenna  position  at  the  moment  of  reception.  The  OBA  reference  to, be  used  in  post-processing  is  chosen 
preferably  from  a  clear  zone  :  It  is  an  average  between  the  OBA  measurement  of  F.  and  F-  for  an  isolated 
reply  and  the  value  of  F,  (or  F-)  if  there  is  some  garbling  either  just  behind  ‘or  just  before  the  pro¬ 
cessed  reply.  A  doubt  informatiwi  is  given  if  the  values  of  F.  and  F?  are  not  dose  enough.  In  the  more 
complicated  cases,  the  reference  can  be  calculated  again  by ‘taking^ the  average  between  OBA  values  of 
pulses  present  In  the  plot  code. 

PRINCIPLES  0F  THE  SSR  SOFTWARE  PROCESSING 

There  are  two  distinct  steps  : 

The  first  step  is  to  complete  extraction  by  a  reply  to  reply  correlation. 

The  second  phase  is  tracking,  i.e.  associating  the  plots  from  scan-to-scan. 

Post-processing 

Upon  receiving  a  reply  message,  each  code  pulse  is  attributed  a  quality  bit,  by  comparing  its  associated 
OBA  value  and  the  reference  chosen  for  the  reply.  If  there  is  garbling  the  OBA  of  each  pulse  is  compared 
to  the  references  of  the  various  replies  concerned. 
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Once  this  Is  done,  the  replies  ere  then  essocleted  by  range  end  azimuth  correletlon  end  correlation  by 
codes  and  respective  pulse  quality.  Thus  plots  which  are  at  the  saae  range  but  having  different  azimuths 
or  codes  can  be  dlscrlalnated.  Fruits  are  eliminated  because  there  Is  no  correlation  between  a  sufficient 
nuaber  of  replies.  The  data  for  a  plot  being  formed  are  updated  by  a))  the  replies  correlated  with  it.  It 
is  so  with  the  plot  coordinates,  as  with  the  code  pulses  In  each  node  and  quality  bits  relatino  to  each 
one  of  then.  In  certain  coaplex  cases  of  garbling,  the  extracted  plot  code  has  poor  quality  pulses  :  in 
tracking,  quality  assessaent  i»  used  when  there  Is  aablgulty  In  the  plot/track  correlation. 

The  target  azlawth  is  calculated  for  each  reply,  since  the  chosen  reception  technique  enables  an  accurate 
locating  whatever  the  aircraft's  position  in  the  antenna  been.  However,  In  order  to  obtain  the  best 
possible  result,  the  final  plot  azlauth  Is  calculated  f row  the  aean  between  the  two  or  four  values 
closest  to  the  lobe  centre,  where  accuracy  Is  greatest.  The  average  of  several  saaples  of  the  saae  reply, 
then  of  several  replies,  reduces  the  rather  weak  effects  of  theme  1  noise  detected  on  very  low  aaplltude 
signals.  In  calculating  the  average,  the  saae  nimfcer  of  values  Is  taken  on  either  side  of  the  antenna 
bo  re  sight  so  as  to  coapensat  e  for  any  difference  in  slope  that  eight  exist  between  the  reference  curve 
and  the  real  curve.  The  latter  is  autoaatlcal  ly  corrected,  and  an  alarm  Is  sent  when  the  drift  exceeds  a 
certain  Halt. 

The  aonopulse  post-processing  described  here  Is  coapatlble  with  aode  S  operation  and  It  Is  especially 
coapatlbie  with  transalsslon  scheduling  where  conventional  SSR  pulse  repetition  frequency  is  low.  Thus 
plots  can  be  extracted  with  right  and  validated  codes,  with  as  few  as  2  hits  per  aode. 

Local  Tracking 

This  particular  function  exaalnes  the  history  of  plots,  associating  the*  fro*  scan  to  scan.  The  major 
benefit  of  tracking  lies  In  the  elialnation  of  spurious  plots  and  In  the  resolution  of  ambiguous  cases  of 
aircraft  crossings.  Reflections  are  sorted  out  by  an  autoaatic  process  based  on  the  analysis  of  tracks 
having  the  saam  code  :  radar  range,  altitude,  reception  power,  age  and  track  evolution...  This  solves  the 
probleas  of  reflecting  planes  whether  fixed  or  occasional.  The  tracking  process  also  ellwlnates  false 
plots,  caused  by  duplication.  This  phenomenon  is  exceptional  and  occurs  only  when  there  is  Interference 
with  the  OBA  over  several  consecutive  repetitions.  Selective  correlation  in  azimuth  and  in  code  causes 
false  plots,  in  such  cases.  These  plots  are  very  close  to  the  real  plots.  In  position  and  In  code,  and 
they  are  eliminated  easily  by  tracking,  especially  as  they  tend  to  occur  over  only  one  antenna  scan. 

The  tracking  software  differs  from  the  simple  chaining  generally  proposed  owing  to  Its  sophisticated 
algorithms  of  correlation  between  plots  and  tracks  thus,  a  future  plot  position  forecast  is  carried  out 
by  Integrating  the  trajectory  characteristics  and  parameters  such  as  the  Influence  of  thermal  noise. 

Data  Processor 

The  software  Is  available  for  two  different  types  of  computers.  One  Is  built  around  a  slice  micro¬ 
processor,  the  second,  described  below,  has  a  multicell  structure.  The  multicell  computer  has  been 
designed  with  a  view  to  real-time  high  capacity  processing.  The  basic  cell  consists  of  a  powerful  16  bit 
microprocessor  (68  000,  then  to  be  replaced  by  68  020).  It  Is  fitted  with  a  512  K-bytes  local  RAM,  a 
vectored  multi-level  Interrupt  structure  and  parallel  lines  of  connunicatlons  with  other  cells  (4  as  a 
maximum)  (figure  11).  The  exchanges  are  effected  from  cell  to  cell  and  not  via  a  bus  common  to  all  the 
processors.  The  network  structure  has  been  given  preference  over  the  bus  structure,  owing  to  its  greater 
suitability  to  radar  processing  ;  thus,  the  processing  capacity  is  Improved.  A  fast  real  time  monitor  has 
been  especially  developed  for  this  multicellular  architecture.  The  modular  design  enables  the  number  of 
cells  to  be  adapted  to  the  required  load.  Programming  Is  done  with  a  high  level  language  :  PASCAL.  This 
set  of  characteristics  has  made  this  computer  a  common  tool  for  several  uses  :  MTD  processing,  monopulse 
processing,  primary  ♦  secondary  tracking,  high  capacity  display  ;  It  Is  also  a  prototype  for  the  software 
part  of  the  Mode  S  processing  unit.  In  the  case  of  SSR  processing,  monopulse  post-processing  and  tracking 
are  simultaneously  stored  in  the  same  computer. 

SElf  TEST 

All  the  electronics  of  the  monopulse  secondary  radar  station  is  duplicated  and  provided  with  B.I.T.E. 
(Built  In  Test  Equipment).  These  monitor  the  equipment's  operating,  detect  any  fault  that  might  have 
occurred  and  cause  the  switch-over  to  the  stand-by  equipment  in  case  of  failure,  locating  the  pcb's  or 
group  of  pcb's  which  are  not  functioning  correctly. 

Various  parameters  and  operational  procedures  are  constantly  monitored  at  all  levels,  by  the  use  of  test 
sensors  and  by  Injecting  fake  signals  :  for  example,  antenna  drive,  transmission  power,  pulse  shape, 
receiver  sensitivity,  monopulse  processing  decoding,  reply  correlation,  computation  of  coordinates,  etc. 
Various  software  parameters  are  also  monitored,  such  as  CPU  error.,,  overloading.  Input/output  errors.  The 
rate  of  automatic  detection  of  failures  and  automatic  location  thereof  are  globally  assessed  to  be  better 
than  95%. 

The  remote  and  monitoring  maintenance  processor  (RMM)  collects  all  the  Information  output  fro*  each 
equipment  and  sends  to  the  operational  centres  the  exact  configuration  of  each  of  these  and  the  nature  of 
any  failure.  Conversely,  It  also  enables  remote  commands  to  be  sent,  which  means  that  the  station  may  be 
unmanned. 

SSR  PERFORMANCE 

The  system's  performance  have  mainly  been  evaluated  at  Orly  Airport,  but  were  subsequently  confirmed  at 
.ther  operational  stations.  A  statistical  evaluation  can  be  made  from  reply  messages,  plots  and  tracks. 
More  complex  aspects  are  singled  out  for  thorough  investigation  based  on  the  video.  The  video  recorder 
automatically  tracks  the  designated  aircraft  and  stores  scan  after  scan  all  the  videos  sent  to  the 
extractor.  Thus  It  Is  possible  to  know  all  the  characteristics  of  the  videos  (figure  12)  :  amplitude, 
leading  edge,  duration,  spacing,  code,  nuafeer  of  replies,  and  thus  to  validate  the  processing  by  a 
simultaneous  analysis  of  presence,  plots  and  tracks. 
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8y  far  the  most  interesting  cases  occur  alien  several  aircraft’s  replies  are  garbled.  Results  are  coopered 
to  those  of  conventional  extractors  by  simultaneously  recording  from  the  two  types  of  extractors  :  the 
improveamnt  Is  most  obvious  (figure  13).  After  extraction,  the  detection  rate  (blip  to  scan  ratio)  is 
found  to  be  higher  than  Ml  and  a  study  of  degarbllng  reveals  that  decoding  Is  correct  for  Ml  of  cases 
at  the  extractor  output.  Any  regaining  dubious  case  Is  almost  certainly  resolved  by  local  tracking,  and 
decoding  can  then  be  as  high  as  99. 51.  Results  slightly  vary  with  the  station's  configuration  (site,  PRf, 
Interlacing  cycle,  rotation  speed).  Local  tracking  is  validated  (tracking,  decoding,  bearing  and  speed) 
by  means  of  an  Iterative  analysis  which  Is  compared  with  a  reference  established  off-line  from  recorded 
plots.  Thanks  to  this  local  tracking,  false  plots  are  eliminated  (reflections  and  others)  these  being 
deemed  to  account  for  about  11  of  the  extractor  output  plots.  Illustrations  given  show  the  good  quality 
of  trajectories  at  the  extractor  output  (figure  14)  and  at  the  tracking  processor  output  (figures  IS,  16 
and  17). 

Several  methods  my  be  used  to  test  the  system's  accuracy.  The  first  method  involves  a  certain  m«*er  of 
representative  trajectories,  and  the  quality  of  the  performance  Is  measured  by  the  difference  between  the 
positions  as  they  are  detected  and  the  positions  as  they  are  reconsltuted.  The  algorithm  used  for  recons¬ 
titution  is  based  on  the  least  square  technique,  second  order  model  and  a  nine  point  sliding  window.  This 
xwmoradar  experiment  has  Inherent  limits  (correlated  errors  partly  Ignored,  results  which  are  not  global, 
etc.)  nevertheless  It  remains  a  convincing  tool  as  far  as  calibration  is  concerned.  The  az Imuth  accuracy 
obtained  is  better  than  0.04*o  (typical  error),  and  generally  lies  between  0.01S*o  and  0.03°o  (figure 
18).  It  sometimes  even  approxlamtes  0.1*o  for  certain  tracks  partly  observed  by  obstacles  on  the  horizon 
(this  is  called  diffraction) .  Another  method  is  to  consider  the  totality  of  the  traffic  over  a  longer 
period  of  time,  that  Is,  on  average,  more  than  100.000  plots.  This  results  in  greater  differences 
(0.063o)  because  the  analysis  is  effected  automatically  and  all  configurations  likely  to  occur  in  real 
traffic  are  taken  Into  account.  Thirdly,  another  method  based  on  the  TRIDENT  and  DMC  reference  trajec- 
tography  has  confirmed  positive  and  tangible  results. 

The  improveamnt  in  range  accuracy  is  obtained  mainly  by  reducing  the  processing  quantum.  However,  accu¬ 
racy  remains  limited  in  range  because  of  the  transponder's  reply. 

MOPE  S  EXTENSION 


The  Node  S  extension  combines  all  the  parts  to  be  added  to  a  nonopulse  radar  to  confer  it  Node  S  capa¬ 
bility.  All  the  data  which  transit  through  this  extension  are  managed  by  the  Node  S  Data  Processing  Unit 
(DPU)  which  governs  the  whole  of  the  station,  ftelow  are  described  the  main  parts  of  the  extension.  The 
clock  and  dating  as  well  as  the  Information  remotlng  facilities  should  also  be  considered. 

N00C  S  PROCESSING  INTERFACE  (Figure  20) 

This  Is  a  real  tlx*  interface  between  the  Interrogator  and  the  Node  S  processing  unit  to  which  It  is 
connected  via  two  high  output  parallel  links. 

On  transmission,  this  Interface  provides  the  transmitter  with  the  modulation  signals  necessary  to  produce 
Intermode  and  Node  S  modulations.  Transmission  takes  place  at  the  prograamed  Instant  and  respecting  the 
parameters  prescribed  by  the  software.  The  processing  Interface  automatically  effects  the  address  parity 
coding  needed  for  the  transponder  to  detect  errors. 

On  reception,  the  processing  interface  extracts  Node  5  replies.  The  first  step  Is  to  detect  preeaAles  and 
these  are  accepted  only  if  they  fit  into  a  tlxm-predlction  window  provided  by  the  Node  S  data  processing 
unit.  Then  the  Information  fields  are  decoded  via  PPN  demodulation  and  slxwiltaneous  analysis  on  videos 
Issued  by  directional  and  omnidirectional  patterns.  Finally,  It  seeks  out  errors  by  examining  the  parity 
received  and  attempts  to  rectify  errors. 

Simultaneously,  it  calculates  the  azimuth  of  the  target  by  combining  the  off-boresight  angle  values  irfilch 
have  been  sampled  on  those  message  pulses  which  have  been  decoded  without  aebiguity. 

Experiments  carried  out  at  Orly  on  a  transponder  prototype  have  highlighted  the  efficiency  of  Node  S 
decoding  in  the  midst  of  SSR  interference  (figure  19).  The  measurement  accuracy  confirms  the  quality  of 
results  obtained  in  SSR  processing. 

NOW  S  DATA  PROCESSING  UNIT  (0PU) 

This  is  like  an  orchestrator  of  the  station,  effecting  the  following  tasks  (figure  21)  : 

Sequencing  of  all  the  activities  of  the  RF  radio-electric  channel  by  prograaaning  the  alternation  of 
all-call  and  roll-call  Interrogations  and  reply  windows.  The  DPU  maintains  an  active  list  of  Node  S 
aircraft  ^ilch  are  within  the  antenna  lobe,  updating  this  list  according  to  extracted  replies  and 
targets  about  to  enter  Into  the  beam.  This  activity  Implies  a  strict  real-tixw  constraint,  since  the 
DPU  should  enable  several  messages  to  be  exchanged  with  each  aircraft  or  since  it  should  process 
Immediate  re interrogation  when  a  transaction  Is  unsuccessful. 

Surveillance  of  Node  S  transponders  by  associating  the  reply  or  replies  from  an  aircraft  with  the 
tracks  created  In  former  scans.  Mhen  several  stations  are  interconnected  Into  a  network.  It  can 
update  the  tracks  according  to  messages  from  adjacent  stations.  It  also  computes  the  next-scan 
prediction  window  for  the  channel  management  processing. 

Governing  all  the  air-ground  data  transactions  as  a  function  of  requests  made  by  ground  centres,  and 
of  messages  from  transponders. 

Npnagmnant  of  the  network  when,  as  Is  likely,  stations  have  certain  coverage  tones  in  coammn.  The  DPU 
ensures  continuity  In  surveillance  and  data  exchange.  A  coverage  map  stakes  out  the  responsibility  of 
each  station  In  preestablished  zones. 
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Thar*  are  two  possible  conf Igurations  : 

The  stations  «ro  not  connected  to  each  other  :  In  which  case,  certain  precautions  are  taken  so  as 
net  to  degrade  the  detection  probability  of  neighbouring  stations  (management  of  transponder  lock 
out). 

The  stations  are  connected  to  each  other  :  they  can  exchange  data  Mies  regarding  bordering  and 
coaenn  areas  thus  facilitating  the  Initial  target  acquisition. 

Monitoring  the  uhole  Node  S  station  performance,  by  use  of  calibration  performance  monitoring  equip¬ 
ment  and  internal  test  signals  generation. 

The  OPU  software  was  designed  by  the  SADT  method  (structured  analysis  and  design  technique).  The  appli¬ 
cation  of  this  method  Is  top-down,  nodular,  hierarchical  and  structured  ;  presentation  Is  usually  In 
graphic  form.  The  chosen  hardware  architecture,  built  up  from  cells  described  In  the  paragraph  "SSR  data 
processor",  allows  computing  power  and  memory  capacity  to  be  Increased  according  to  needs  (functions 
real  lied,  number  of  transponders ,  etc.). 

The  project  Is  divided  Into  steps  to  deal  consecutively  with  different  configurations  :  autonomous 
station,  unconnected  adjacent  stations,  and  then  viewing  the  whole  network  structure.  Each  step  has  Us 
place  planned  as  from  the  beginning  of  implementation.  The  overall  validation  Is  made  upon  simulation  and 
testing  on  the  sites.  The  implementation  of  protocols  (either  multi-site  or  not),  between  Independent  or 
netted  stations,  promises  to  be  an  Interesting  aspect  of  the  question  to  be  dealt  with  In  Europe  In  the 
future. 
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SUMMARY 

*-  -An  ATC  radar  processing  system  of  the  Moving  Target  Detector  (MTD)  type,  comprising  a  separate  processing 
channel,  called  weather  channel,  is  presented.  The  MTD  processing  is  implemented  in  a  high  performance 
coherent  radar  system.  It  is  designed  to  improve  target  detection  in  various  forms  of  clutter,  while 
providing  low  output  false  alarm  rate.  The  chosen  signal  processing  algorithms  are  based  on  the  use  of  an 
8-doppler  filter  bank,  on  CFAR  thresholding  and  on  an  adaptive  clutter  map.  The  weather  channel  indicates 
to  the  user  the  areas  of  radar  coverage  where  dangerous  precipitation  occur.  Programmable  modular  proces¬ 
sors  are  used  for  the  digital  signal  processing  and  data  processing.  Their  processing  power  enables  to 
carry  out  complex  adaptive  algorithms.  This  equipment  is  incorporated  in  a  radar  station  which  can  be 
unmanned,  thanks  to  the  equipment  automatic  built-in  tests  and  the  .Remote  Maintenance  and  Monitoring 
system.  Results  of  experiments  withyrthe--deseribedJ>processing  system  clearly  show  that  the-MTD  processing 
improves  the  final  picture  quality.1  In  particular,  "ttre^detection  probability  is  higher  both  in  clear 
zones  and  in  clutter,  while  the  false  alarm  rate  remains  low,  thanks  to  adaptive  processing  and 
algorithms  using  the  estimated  radial  velocity. 


1.  INTRODUCTION  .  ^ 

This  article  describes  an  ATC  radar  processing  of  the  Moving  Target  Detector  (MTD)  type  ;  it  comprises  an 
independent  processing  channel  called  weather  channel,  which  supplies  meteorological  data.  The  MTD 
processing  technique  is  aimed  at  improving  the  detection  of  useful  targets  in  the  midst  of  clutter 
(reference  1-2-3-4-5).  The  algorithms  employed  are  detailed,  as  well  as  the  performance  to  be  expected, 
in  particular  the  improvement  in  the  radar  picture  presented  to  the  operator.  The  processing  system  is 
made  up  of  programmable  processors,  of  which  the  architecture  and  other  main  features  are  described,  as 
is  the  radar  station  remote  monitoring  and  maintenance  system.  Finally,  results  obtained  in  experiments 
are  given. 

2.  HOW  THE  PROCESSING  SYSTEM  IS  ORGANIZED 

The  processing  system  described  here  is  designed  for  integration  in  a  2D  radar  and  comprises  an  ATC 
channel  and  a  weather  channel,  both  duplicated.  Figure  2.1.  shows  a  block  diagram  with  receiver  and 
processing  channels  for  ATC  and  meteorological  data  (non-dupl icated) .  The  processing  in  the  ATC  channel 
is  of  the  Moving  Target  Detector  (MTD)  type.  The  weather  channel  is  independent  of  the  ATC  channel.  The 
conventional  ATC  detection  data,  used  for  control  and  the  weather  information,  are  displayed  simulta¬ 
neously. 

The  MTD  processing  has  been  designed  for  a  highly  stable  transmitter-receiver  channel,  enhancing  the 
detection  of  targets  in  the  midst  of  clutter.  The  transmitter  is  a  highly  stable  klystron  transmitter. 
The  radar  transmits  bursts  of  pulses,  in  a  burst-staggered  mode. 

The  receiver  chain  has  a  high  dynamic  range  and  is  perfectly  linear.  The  received  RF  is  attenuated,  in 
response  to  the  attenuation  command  generated  by  the  MTD  processor  :  the  attenuation  control  is  adaptive 
and  computed  at  each  antenna  scan,  so  that  the  signals  to  be  processed  may  perfectly  fit  into  the 
receiver  dynamic  range.  This  method  is  most  efficient  In  avoiding  saturation  of  the  receiver  chain,  even 
in  the  presence  of  very  heavy  ground  clutter  or  weather  clutter.  This  function  is  most  important  for  MTD 
processing  since  any  non-linearity  would  distort  the  spectrum  of  the  received  echoes.  The  attenuated 
signal  is  then  transposed  to  an  intermediate  frequency  and  is  processed  by  a  linear  receiver  of  60  dB 
dynamic  range,  providing  in-phase  and  quadrature  video  signals.  These  signals  are  sampled  by  an  analog 
digital  converter  and  are  encoded  on  12  bits. 

The  digital  data  of  an  8-pulse  Coherent  Processing  Interval  (CPI)  are  stored  in  the  data  memory  of  the 
Signal  Processor.  The  processor  performs  doppler  filtering  and  detection  on  the  stored  samples,  so  as  to 
determine  the  coordinates  of  cells  containing  useful  echoes  called  "primitive  target  reports". 

Messages  are  sent  to  the  Post-Processor,  containing  the  doppler  and  amplitude  characteristics  of  each 
primitive  target.  This  Post-Processor  associates  together  those  primitive  targets  which  are  related  to 
the  same  target,  evaluating  the  position  and  characteristics  of  the  plot  thus  formed  :  this  is  the 
Correlation  and  Interpolation  function.  False  alarms  are  here  checked  and,  if  need  be,  the  detection 
threshold  of  the  signal  processor  is  modified  accordingly. 

Then  the  plots  are  processed  in  the  tracking  function,  which  works  by  scan-to-scan  correlation  so  as  to 
eliminate  the  residual  false  alarm.  When  the  radar  operates  in  the  diversity  mode,  the  plots,  output  by 
the  Correlation  and  Interpolation  function  from  the  two  ATC  processing  channels,  are  associated  together. 
The  tracking  function  also  performs  primary  and  secondary  radar  plot  association. 

The  role  of  the  weather  signals  receiver  and  processor  channel  is  to  show  up  the  zones  in  which  weather 
phenomena  involving  some  danger  for  aircraft  are  found.  An  analysis  of  signals  from  the  orthogonal 
circular  polarization  channel  and  In  particular  an  analysis  of  the  intensity  of  echoes  gives  a  clear  idea 
of  the  intensity  of  precipitations  within  the  radar  coverage  (ref.  6-7). 
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The  architecture  which  has  been  chosen  is  a  weather  channel  completely  independent  from  the  ATC  reception 
and  processing.  The  received  RF  signals  are  attenuated  according  to  the  attenuation  commands  generated  by 
the  weather  processor.  Thus,  the  attenuation  law  which  is  applied  may  be  different  from  that  applied  in 
the  ATC  channel  and  adapted  to  the  weather  signals.  Signals  are  then  transposed  to  the  intermediate 
frequency  and  processed  by  a  linear  receiver  which  produces  video  signals  in  phase  and  in  quadrature. 

These  signals  are  sampled  and  coded  on  12  bits  by  the  weather  processor,  which,  after  having  eliminated 
the  unwanted  echoes  (i.e.,  ground  clutter,  aircraft,  interference),  evaluates  the  intensity  of  the 
weather  echoes.  Each  time  this  level  exceeds  a  predetermined  threshold,  a  "weather  primitive  target"  is 
created.  The  role  of  the  post-processor  is  then  to  establish  the  contours  of  zones  in  which  the  weather 
echoes  exceed  the  threshold.  From  the  six  predefined  levels,  two  may  be  simultaneously  displayed. 

3.  ALGORITHMS  AND  PROCESSING  PERFORMANCE 

3.1.  ATC  CHANNEL  SIGNAL  PROCESSING 

Figure  3.1.  shows  a  block  diagram  of  the  signal'processing  in  the  ATC  channel.  The  MTD  signal  processing, 
compared  with  an  ordinary  MTI  processing,  is  designed  to  improve  useful  target  detection  despite  ground 
and  weather  clutter.  Improvement  of  detection  and  false  alarm  rate  result  in  a  better  quality  picture  for 
the  operator.  The  processing  discussed  here  uses  a  set  of  8  doppler  filters,  by  means  of  which  useful 
targets  and  clutter  can  be  separated,  provided  that  they  have  different  radial  velocities.  A  detection 
threshold  is  applied  at  the  output  of  each  filter  :  its  role  is  both  to  eliminate  clutter  echoes  in  the 
filters  which  are  clutter  contaminated  and  to  optimize  useful  detection  of  targets  in  the  filter 
corresponding  to  their  radial  velocity.  The  filter  for  very  low  or  null  velocities  is  called  the  Zero 
Velocity  Filter  (ZVF).  The  ZVF  output  is  used  in  the  scan-to-scan  estimation  of  an  adaptive  clutter  map. 
The  threshold  applied  at  the  ZVF  output  is  calculated  from  the  clutter  map  information.  The  other  doppler 
channels  are  subjected  to  a  cell  averaging  type  threshold.  When  the  detection  threshold  is  exceeded  in 
more  than  one  doppler  channel,  a  primitive  target  is  deemed  to  be  present  and  a  message  containing  the 
primitive  target's  characteristics  (amplitude  and  doppler)  is  sent  to  the  Post-Processor. 

Figure  3.2.  shows  the  response  curve  of  one  of  the  filters  versus  normalized  frequency.  Side  lobes  are 
lower  than  40  dB  :  this  results  in  a  good  rejection  of  ground  clutter,  rain  clutter  and  chaff.  The 
contrast  is  shown  in  figure  3.3.,  as  a  function  of  the  useful  target's  doppler  velocity.  The  contrast  is 
defined  as  the  gain  in  the  signal-to-clutter  power  ratio  brought  about  by  the  set  of  filters.  Characte¬ 
ristics  used  in  the  gaussian  clutter  model  are  given.  The  antenna  lobe  modulation  is  taken  into  account, 
as  well  as  the  stability  of  the  transmitter-receiver  chain  (3  mrd).  Coefficients  used  for  filtering  and 
detection  are  encoded  on  16  bits  :  this  makes  it  possible  to  implement  the  processing  algorithms  most 
efficiently,  while  reducing  the  truncating.  The  fact  that  there  is  no  front-end  canceller  ahead  of  the 
filter  set  means  that  the  coherent  integration  gain  is  preserved  for  each  filter.  Thus,  the  losses  in  the 
gain  of  signal -to-noise  ratio  caused  by  an  MTI  filter  are  avoided,  as  is  the  need  for  extra  pulses  to 
initialize  the  filter. 

The  ZVF  output  is  used  in  the  computation  of  the  average  value  of  clutter  in  each  cell  of  the  coverage 
being  processed.  The  map  has  768  000  cells.  The  algorithm  used  is  a  first  order  integrator,  its  time 
constant  being  adjusted  to  about  15  antenna  scans.  The  ZVF  output  is  subjected  to  a  threshold  calculated 
from  the  information  which  has  been  stored  in  the  clutter  map.  This  is  a  CFAR  threshold  :  it  can  elimi¬ 
nate  clutter  echoes;  it  also  makes  it  possible  to  detect  targets  having  a  tangential  trajectory  as  long 
as  these  exceed  the  clutter  level.  The  target  visibility  curve  is  optimized  by  the  ZVF  and  by  automatic 
selection  of  filters  1  and  7  on  either  side  of  the  ZVF,  as  a  function  of  the  level  of  ground  clutter. 

Non-Zero  doppler  channel  outputs  are  compared  to  separate  CFAR  thresholds  :  the  cell  being  examined  is 
compared  to  the  highest  of  the  averages  of  the  8  cells  preceeding  and  of  the  8  cells  following  the 
examined  cell  and  the  2  adjacent  ones.  The  noise  false  alarm  rate  is  adjusted  by  means  of  a  multiplying 
factor.  This  factor  may  be  modified  (either  increased  or  decreased)  automatically,  on  an  instruction  from 
the  Post-Processor,  depending  on  whether  or  not  there  is  a  risk  of  overloading  the  latter,  for  example  if 
there  are  angels.  If  there  is  clutter  at  the  ZVF  output,  thresholds  implemented  in  the  Non-Zero  doppler 
channels  are  corrected  by  a  fraction  of  the  amplitude  of  the  echo  in  the  ZVF.  For  each  filter,  this 
correction  value  is  different  and  it  is  applied  only  when  the  echo  in  the  ZVF  is  above  a  programmed 
level.  With  this  adaptive  processing,  residues  above  the  rejection  level  of  doppler  filters  can  be 
el iminated. 

3.2.  PRIMITIVE  TARGET  REPORTS  PROCESSING 

Given  the  width  of  the  antenna  lobe  and  of  the  transmitted  pulse,  a  single  target  can  give  rise  to 
several  primitive  target  reports.  The  Correlation  and  Interpolation  function  builds  the  radar  plots  ;  it 
calculates  their  position,  doppler  velocity,  and  quality  degree  and  then  transfers  these  data  to  the 
tracking  function.  An  algorithm  is  also  applied  to  eliminate  angels. 

Each  incoming  primitive  target  is  compared  to  a  threshold  device  ;  the  threshold  applied  is  determined  by 
the  density  of  primitive  targets  existing  in  the  geographical  sector  and  the  doppler  filter  of  the 
incoming  primitive  target.  Therefore,  primitive  targets  of  low  amplitude  are  eliminated  if  found  in  large 
numbers  within  the  same  geographical  and  doppler  sector,  as  often  occurs  with  angels.  Also,  the  incident 
load  is  checked  :  if  there  is  a  danger  of  overloading,  the  signal  processing  detection  threshold  may  be 
modified  so  as  to  reduce  false  alarms. 

If  several  primitive  target  reports  are  close  together  in  range  and  in  azimuth,  they  are  associated  to 
create  a  plot.  An  algorithm  of  the  barycentre  type,  weighted  by  the  primitive  target  amplitude,  is  used 
for  the  estimation  of  the  range  and  azimuth  of  each  plot  which  has  been  formed.  The  radial  velocity  of 
each  plot,  which  is  not  characterized  by  a  blind  CPI,  is  calculated.  The  ambiguous  speeds  are  interpola¬ 
ted  In  each  burst  on  the  basis  of  the  known  maximum  amplitudes  of  the  primitive  targets.  The  ambiguity  is 
resolved  at  least  in  part  by  reference  to  the  ambiguous  speeds  of  2  consecutive  bursts.  The  ambiguity  of 
estimation  is  then  equal  to  5  or  6  times  the  speed  corresponding  to  the  lowest  of  the  two  pulse  repeti¬ 
tion  frequencies. 
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To  each  plot,  a  quality  degree  is  attributed  as  a  function  of  the  azimuth  extension.  Several  flags  may  be 
positioned  :  presence  of  a  “blind  burst",  echo  possibly  reflected  by  a  ground  vehicle,  assumed  crossing 
of  tracks,  etc..  Information  concerning  the  origin  of  the  plot  are  thus  supplied  to  the  tracking 
function,  which  can  then  confirm  or  invalidate  this  data,  by  an  analysis  of  the  plot’s  behaviour  over 
several  antenna  scans. 

Plots,  once  formed  and  interpolated  are  subjected  to  a  device  reducing  the  residual  false  alarm  and 
regulating  the  tracking  function  load.  This  adaptive  device  eliminates  first  and  foremost  plots  with  low 
amplitude  and  low  doppler  velocity  and  which  are  concentrated  in  the  same  geographical  sectors.  If 
overload  is  detected  in  the  tracking  processor,  dubious  plots  are  automatically  rejected. 

3.3.  PLOT  TRACKING  ALGORITHMS 

The  tracking  function  performs  plot  correlation  from  scan-to-scan,  in  order  to  eliminate  residual  false 
alarm.  The  main  functions  are  : 

Correlation  between  incident  plots  and  stored  tracks,  and  resolution  of  ambiguous  cases. 

Initiation  of  new  tracks, 

Updating  of  established  tracks. 

Correlation  between  an  incident  plot  and  stored  tracks  in  the  same  area  is  attempted.  This  correlation  is 
effective  only  if  the  plot  is  found  in  the  window  surrounding  the  track's  predicted  position.  This  window 
is  optimized  so  as  to  take  into  account  radar  noise  and  the  target's  evolutionary  characteristics 
(turning,  acceleration,  deceleration).  There  are  four  possibilities  : 

The  plot  correlates  with  only  one  track. 

Several  plots  can  be  correlated  with  the  same  track  (if  the  zone  has  a  high  traffic  density). 

The  plot  can  be  correlated  with  several  tracks, 

Several  plots  and  several  tracks  can  be  inter-correlated. 

Such  ambiguous  cases  are  isolated  and  handled  so  as  to  give  the  most  coherent  tracks  :  by  optimizing 
globally  the  distance  between  incident  plots  and  forecast  positions.  Consistency  between  incident  radial 
velocity  and  forecast  radial  velocity  is  sought. 

Incident  plots  which  have  not  been  successfully  correlated  give  rise  to  a  new  track,  except  if  the  plots 
are  dubious.  If,  after  a  new  initiation,  several  plots  can  be  correlated  with  the  new  track,  various 
directions  are  possible,  one  of  which  will  be  validated  at  the  next  antenna  scan  while  the  others  will  be 
abandoned. 

At  each  antenna  rotation,  the  established  tracks  are  updated.  When  this  is  done,  the  track  information  is 
recalculated  in  the  light  of  information  introduced  by  the  newly  correlated  plot  : 

The  new  position,  as  well  as  the  predicted  position  at  the  next  scan  (in  X,  Y  coordinates)  are 
calculated  through  a  a,  8  filtering  algorithm.  Coefficients  a  and  $  are  chosen  as  a  function  of  the 
track's  history. 

.  The  filtering  criteria  become  more  stringent  as  the  plots  line  up  and  follow  one  another  in  a 
straight  line. 

.  Filtering  criteria  are  less  stringent  when  some  evolution  begins  to  take  place. 

Target  speed. 

Area  of  expected  detection  for  the  next  antenna  scan,  called  correlation  window. 

Track  quality,  reflecting  its  history  and  calculated  as  a  function  of  : 

.  Possible  detection  gaps, 

.  Quality  of  received  plots, 

.  Coherence  in  the  trajectory, 

.  Consistency  in  the  radial  velocity. 

Any  correlation  ambiguity  which  may  have  occurred. 

Track  status  : 

.  Status  confirmed,  if  the  mobility  criterion  Is  satisfied  and  similarly  with  the  quality.  The  track 
is  then  displayed, 

.  Status  not  confirmed,  if  the  quality  is  not  high  enough  and  mobility  not  satisfactory. 

When  it  is  created,  a  track  is  unconfirmed.  It  becomes  confirmed  if  it  is  constant  in  presence  during  N 
consecutive  antenna  scans  (for  example,  N  *  3),  if  its  mobility  is  satisfactory  and  Its  trajectory 
consistent.  A  track  is  cancelled  if  its  quality  falls  below  a  certain  set  threshold,  and  it  is  then  no 
longer  displayed.  This  happens  for  example  after  M  consecutive  detection  gaps  (for  example  :  M  *  3). 
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3.4.  WEATHER  CHANNEL  SIGNAL  PROCESSING 

The  signal  processing  In  the  weather  channel  Is  shown  In  the  block  diagram  of  Figure  3.4.  The  processing 
cell  corresponds  to  16  range  gates  on  one  burst  of  8  pulses. 

Clutter  Is  eliminated  through  doppler  filtering  using  digital,  non-recursive  filters.  Depending  on  the 
level  of  ground  clutter,  a  filter  Is  chosen  which  attenuates  to  a  lesser  or  greater  degree  around  the 
zero  frequency. 

Four  filters  are  possible  : 

Filter  0  :  all-pass  filter  (no  clutter) 

Filter  1  :  high-pass  filter  (medium  clutter) 

Filter  2  :  high-pass  filter  (heavy  clutter) 

Filter  3  :  high-pass  filter  (very  heavy  clutter). 

An  example  of  a  filter  response  curve  is  shown  in  Figure  3.5.  Filter  selection  is  determined  by  means  of 
a  fixed  map,  initialized  under  clear  weather  conditions. 

Interference  is  detected  in  the  following  manner  :  the  power  output  by  the  doppler  filter  of  the  first 
four  pulses  is  compared  to  the  power  obtained  at  the  last  four  pulses.  If  the  difference  between  these 
two  values  is  too  high,  this  is  interpreted  as  interference. 

An  aircraft  is  detected  by  comparing  the  power  in  each  range  gate  with  the  mean  power  for  a  weather  cell 
(16  range  quanta).  If  an  aircraft  is  detected,  the  mean  power  is  recalculated  after  elimination  of  the 
range  gate  under  examination. 

Weather  reflectivity  is  evaluated  in  each  weather  cell  by  examining  the  power  of  weather  echoes  in  each 
range  gate,  after  undesirable  echoes  have  been  eliminated.  The  mean  reflectivity  is  then  again  averaged 
over  several  antenna  scans. 

Weather  reflectivity  once  evaluated  in  each  weather  cell  is  compared  to  a  fixed  detection  threshold.  If 
reflectivity  exceeds  this  threshold,  a  weather  primitive  target  is  declared.  The  threshold  value  is  the 
lowest  displayable  level. 

3.5.  WEATHER  CHANNEL  POST-PROCESSING  ALGORITHMS 

The  purpose  of  the  weather  post-processing  is  to  build  up,  from  the  weather  primitive  targets,  zone  con¬ 
tours  containing  weather  phenomenon  exceeding  a  predetermined  level.  Two  levels  from  the  six  pre-es¬ 
tablished  may  be  simultaneously  displayed.  The  weather  picture  is  updated  every  6  scans.  A  smoothing 
matrix  is  applied  to  the  reflectivity  information  contained  in  the  video  map.  To  each  cell  in  X,  Y 
coordinates  in  the  weather  map  to  be  displayed,  is  attributed  the  reflectivity  of  the  cell  in  polar 
coordinates  (p,e)  which  contains  the  ( X , Y )  cell  centre.  The  weather  map  is  scanned  line  by  line  ;  a 
vector  is  started  as  soon  as  the  first  display  threshold  is  exceeded  and  this  vector  is  deemed  to  end  as 
soon  as  the  signal  falls  below  this  threshold.  The  load  is  regulated  by  counting  the  number  of  vectors  to 
be  displayed  and  hardening  the  smoothing  criteria  or  the  selected  display  thresholds  so  as  to  reduce  the 
number  of  vectors  if  there  is  overloading. 

4.  IMPLEMENTATION  OF  THE  PROCESSING  SYSTEM 

4.1.  GENERAL  REMARKS 

Programmed  processing  was  opted  for  in  the  implementation  of  the  ATC  and  weather  channel  processi  ; 
systems  described  above.  This  approach  offers  the  advantage  of  flexibility  in  adaptation.  The  processing 
algorithms  are  implemented  in  two  types  of  processors  :  a  modular  programmable  processor  which  is  adapted 
to  the  signal  processing  and  a  modular  computer  adapted  to  the  data  processing.  The  MTD  signal  processing 
algorithms  are  incorporated  into  a  signal  processor.  So  is  the  weather  channel  signal  processor.  Corre¬ 
lation  and  Interpolation  functions,  tracking  and  weather  post-processing  take  place,  on  the  other  hand, 
in  the  modular  computer  designed  for  data  processing  (Cf  Figure  2.1).  The  architecture  which  has  been 
chosen  for  these  two  processors  offers  an  advantage  in  that  the  number  of  different  printed  circuit  types 
is  limited.  This  reduces  the  life-cycle  cost  of  the  equipment.  Remote  maintenance  and  monitoring  is  built 
into  the  radar  station  which  houses  the  above  described  processors.  The  radar  station  can  therefore  be 
unmanned. 

4.2.  SIGNAL  PROCESSOR 

The  architecture  which  was  adopted  in  the  Signal  Processor  for  the  MTD  processing  and  weather  processing 
algorithms  is  of  the  type  "Multiple  Instructions,  Multiple  Data  Paths"  (MIMD) .  The  basic  module  of  this 
system  is  the  Signal  Processing  Programmable  Module  (MPTS  in  French).  In  the  MTD  application  described 
here,  the  processor  can  have  up  to  8  MPTS  modules  each  working  on  a  radar  coverage  segment  (Figure  4.1.). 
All  modules  execute  the  same  programme.  There  is  a  deliberate  degree  of  overlapping  between  the  radar 
coverage  segments  allocated  to  each  module,  so  that  the  range-cell  averaging  threshold  may  be  calculated 
correctly.  In  the  weather  processing  application,  the  number  of  modules  in  the  structure  is  different, 
since  the  processing  load  to  be  carried  out  is  also  different. 

An  MPTS  module  is  available,  in  addition  to  modules  required  for  the  processing  :  with  this  extra  module. 
It  is  possible  to  test  the  Signal  Processor  in  real  time,  and  to  reconfigure  it  automatically  in  case  of 
a  failure.  This  module  can  take  over  each  of  the  operational  modules  in  turn  while  the  test  programne  is 
being  run.  When  the  result  of  the  test  is  negative,  the  module  then  takes  over  from  the  failed  down  unit 
(until  It  is  repaired).  Thus  the  signal  processor  continues  to  run  smoothly  even  if  a  failure  occurs  in  a 
module. 
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The  Signal  Processing  Programmable  Module  Is  made  up  of  3  elements  :  a  processor  element,  data  storage 
and  a  sequencer.  The  first  has  two  16-bit  computing  units,  one  of  which  Is  a  fast  multiplier.  The  data 
storage  (12  Kwords  of  16  bits)  works  In  a  ping-pong  fashion,  while  the  sequencer  has  a  programme  memory 
of  4  K  Instructions,  128  bits  each.  These  are  organized  around  2  buses  :  the  computing  units  and  the 
scratch-pad  memories  communicate  with  each  other  via  an  Internal  bus  ;  the  processor  communicates  with 
the  outside  world  (acquisition  of  signals  to  be  processed,  data  from  the  clutter  map.  Interface  with  the 
post-processor,  test  data)  via  the  external  bus.  The  HPTS  module's  processing  power  Is  of  the  order  of  25 
MOPS.  The  MPTS  module  is  contained  within  a  single  printed  circuit.  Figure  4.2.  Is  a  photograph  of  this 
module. 

4.3.  DATA  PROCESSOR 

The  Correlation,  Interpolation  and  tracking  algorithms  as  well  as  the  weather  channel  post-processing 
algorithms  are  performed  in  a  computer  having  a  multi-processor  architecture.  The  basic  cell  consists  of 
a  powerful  microprocessor  (68000  family),  fitted  with  a  512  Kbytes  local  memory,  a  vectored  multi-level 
interrupt  structure  and  parallel  lines  of  comnunications  with  other  cells.  Thus  each  cell  may  be  connec¬ 
ted  to  4  other  cells,  forming  a  network  of  processors.  The  modular  design  of  the  processor  Is  such  as  to 
allow  for  the  possibility  of  adjusting  the  configuration  to  the  processing  load  and  for  the  memory  to  be 
sized  for  a  given  application.  A  real-time,  high-speed  monitor  adapted  to  the  multi-  processor  structure 
was  developed  for  the  computer.  The  PASCAL  language  is  used  for  application  programming.  A  monitoring 
function  is  also  Incorporated.  If  anything  goes  wrong,  it  is  capable  of  initiating  self-test  programmes 
in  each  of  the  processors  which  make  up  the  computing  unit,  so  as  to  isolate  the  failed  printed  circuit. 

4.4.  REMOTE  MAINTENANCE  AND  MONITORING  (RMM) 

Each  equipment  of  the  radar  chain  is  connected  by  a  bus  (IEEE  488)  to  a  central  computer  in  charge  of 
system  surveillance.  Automatic  built-in  tests  have  been  designed  in  each  unit  of  the  radar  chain,  to 
detect  and  notify  the  faulty  printed  circuit.  If  a  failure  occurs  in  one  of  these  elements,  this 
information  is  immediately  remote-signalled  through  the  station's  RMM  system.  Thus  maintenance  involves 
merely  replacing  the  faulty  cards  and  repairing  them  in  a  maintenance  workshop.  This  possibility  of 
remote  maintenance  and  monitoring  means  the  station  may  be  unmanned. 

5.  EXPERIMENTAL  RESULTS 

5.1.  OVERVIEW 

The  prototype  for  the  MTD  processing  chain  described  hereabove  was  experimented  in  1984  and  1985,  in 
close  partnership  with  Technical  Teams  from  the  French  Air  Navigation  Department,  at  the  radar  station 
of  Lyon  Satolas.  The  radar  is  an  L-band  magnetron  radar  with  conventional  MTI  type  processing.  The  main 
characteristics  of  the  radar  are  :  range  :  120  NM,  peak  transmitted  power  :  2  MW,  frequencies  :  1346  MHz 
and  1304  MHz,  rotation  speed  :  7.5  rpm,  phase  stability  :  12  mrd.  The  site  of  Lyon  Satolas  is  difficult 
on  account  of  the  quantity  and  amplitude  of  ground  echoes  within  the  radar’s  coverage  as  is  shown  in 
Figure  5.1. 

Experimentation  was  aimed  at  : 

a)  demonstrating  the  reliability  of  an  entirely  programmed  processing, 

b)  showing  the  improvement  in  quality  of  the  synthetic  picture  displayed  to  the  operator  with  the  MTD 
processing  chain,  compared  with  that  produced  with  a  conventional  MTI  channel  :  detection  improvement 
both  in  clear  and  clutter  zones,  detection  of  tangential  targets,  better  accuracy  in  the  target's 
position,  improvement  also  in  the  false  alarm  rate  at  the  channel  output,  in  part  at  least  thanks  to 
the  adaptive  nature  of  the  algorithms  implemented. 

5.2.  IMPROVEMENT  IN  DETECTION 

Figures  5.2  and  5.3  show  pictures  taken  simultaneously  at  the  MTI  and  MTD  processing  outputs.  It  is  clear 
that  the  detection  quality  is  higher  at  the  output  of  the  MTD  processing  chain.  The  fact  that  the  Lyon 
Satolas  site  was  difficult  has  highlighted  the  improvement  in  target  detection,  introduced  by  an  8-filter 
MTD  type  processing,  especially  when  there  is  clutter. 

Figures  5.4  and  5.5  show  on  the  one  hand  a  photograph  of  the  display  output  by  the  MTI  processing  and  on 
the  other  hand,  a  recorded  plot  graphic  at  the  output  of  the  MTD  processing,  both  representing  the  same 
situation.  On  this  graphic,  plots  which  are  obtained  by  the  zero  velocity  filter  are  marked  with  the 
symbol  0  ;  situations  shown  are  cases  where  targets  are  detected  at  null  radial  speed  and  with  ground 
clutter.  It  is  quite  clear  that  the  detection  by  MTD  processing  of  aircraft  on  tangential  trajectories  is 
more  efficient  than  with  MTI  processing.  This  illustrates  the  advantage  of  having  a  ZVF  in  the  MTD 
system. 

5.3.  EVALUATION  OF  THE  PLOT  POSITION  ACCURACY 

A  statistical  evaluation  of  the  accuracy  of  the  position  (range  and  azimuth)  of  plots  reconstructed  with 
the  MTD  post-processing  Correlation  and  Interpolation  function  has  been  carried  out  from  recordings  of 
plots.  For  each  target,  the  actual  trajectory  has  been  reconstructed  by  applying  the  method  of  least 
squares.  The  difference  between  actual  measured  position  and  the  reconstructed  theoretical  position  has 
thus  been  calculated. 

Figures  5.6  and  5.7  show  histograms  of  errors  which  have  occurred  in  range  and  in  azimuth.  The  mean  error 
in  range  and  in  azimuth  is  null.  The  range  error  standard  deviation  has  been  calculated  to  be  0.017  NM, 
or  14%  of  the  pulse  width,  out  of  more  than  10  000  measurements  taken,  for  plots  of  signal -to-noise 
ratio  superior  to  20  dB.  The  azimuth  error  standard  deviation  has  been  evaluated  at  0.13°  or  5.5%  of  the 
antenna  lobe  for  plots  of  signal  to  noise  ratio  superior  to  20  dB.  This  is  less  than  the  standard 
deviation  of  the  azimuth  quantization  introduced  by  the  8  recurrence  burst  processing  mode  (0.20°). 


5.4.  QUALITY  Of  THE  EVALUATION  Of  THE  TARGETS  RADIAL  VELOCITY 

The  radial  velocity  calculated  by  the  MTD  processing  has  been  compared  with  the  actual  radial  velocity, 
calculated  from  reconstructed  trajectories.  Figure  5.8  shows  an  example  of  the  radial  velocity  values 
calculated  and  reconstructed  for  each  antenna  scan,  for  a  target  having  a  mean  signal -to-noise  ratio  of 
21  d8.  The  two  velocities  will  be  seen  to  match  perfectly.  The  standard  deviation  of  radial  velocity 
error  has  been  evaluated  at  about  5  m/s  (or  7t  of  the  mean  PRF).  The  quality  of  the  radial  velocity 
estimation  make  it  viable  in  algorithms  for  the  elimination  of  false  plots  or  for  tracking.  These  sophis¬ 
ticated  algorithms  contribute  to  the  low  false  alarm  rate. 

6.  CONCLUSION 

Results  of  experiments  with  the  above-described  processing  system  clearly  show  that  the  MTD  processing 
improves  the  final  picture  quality.  In  particular,  the  detection  probability  is  higher  both  in  clear 
tones  and  in  clutter,  while  the  false  alarm  rate  remains  low.  In  this  respect,  adaptive  processing  and 
algorithms  using  the  estimated  radial  velocity  play  an  Important  role.  Another  positive  point  is  the 
accuracy  in  estimation  of  the  aircraft  positions.  The  system  produces  a  synthetic  picture  where  areas  of 
dangerous  meteorological  occurrences  are  shown  up,  which  is  another  valuable  feature.  The  fact  that 
powerful  programmable  processors  are  used  to  Implement  the  entirety  of  the  processing  provides  great 
flexibility  and  enables  to  carry  out  complex  adaptive  algorithms.  Since  the  processors  used  are  modular, 
the  equipment  may  be  sized  to  the  amount  of  computation  necessary  for  a  particular  application.  The 
number  of  different  printed  circuit  types  making  up  the  equipment  Is  limited,  which  contributes  to  lessen 
maintenance  costs  of  the  radar  station.  The  latter  can  be  unmanned,  thanks  to  the  remote  maintenance  and 
monitoring  system. 
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MICRO WAVS  LANDING  SYSTEM  (MLS)  AREA  NAVIGATION: 
COMPUTED  CENTERLINE  EXPERIMENTS  AND  SYSTEM 
ACCURACY  ANALYSES  IN  AN  RP  ENVIRONMENT 

BY 

Jam*  H.  Rsmer  and  Barry  R.  Blllmann 
Federal.  Aviation  Administration  Technical  Center 
Atlantic  City  Airport 
Atlantic  City,  NJ  08405 
USA 


SUMMARY 

By  definition  of  the  International  Civil  Aviation  Organization  (ICAO)  Standard*  and 
Recommended  Practice*  (SARPSl'+Ut*  Tim*  Reference  Scanning  Beam  (TRSB)- Microwave  Landing 
-  Syetmm  (MLS)  will  supplant  the  existing  Instrument  Landing  System  '<+^8^ a*  the 

recognized  international  standard  as  early  as  1995.  -  Among  numerous  other  advantages, 
the  «L5  provides  the  ability  to  determine  the  aircraft's  position  in  three  dimensional 
space  over  a  large  coverage  volume  in  the  airport  terminal  area.  The  use  of  this 
capability  to  navigate  and  execute  approaches  throughout  this  volume  of  coverage 
results  with  the  application  of  a  technique  known  as  Microwave  Landing  Sytem  Area 
Navigation  (MLS  RNAV) .  Applications  of  MLS  RNAV,can  be  as  simple  as  executing 
approaches  offset  from  but  parallel  to  the  MLS  ffy  azimuth  or  as  complex  as 
multi-segment  and  curved  path  approaches.  MLS  RNAV  1*  particularly  adaptable  to 
helicopter  operations; V  It  aelewO approaches  to  heliports  located  away  from  the  main 
instrumented  runway.  -in  ©rdef*  to  assess  and  further  develop  the  potential  capabilities 
of  MLS  RNAV.  thrn^  FAA  Technical  Center  ,^*m*  undertaken  the  task  of/ performing  analytical 
studies,  as  welt*  as! -the1  development  of  a  prototype  MLS  RNAV  system.  ^.Application  of 
this  system  to  helicopter  operations  are  particularly  being  emphasized. 

The  unique  feature  of  this  work  is  that  besides  the  onboard  data  acquisition  systems, 
an  independent  source  of  position  information  was,  at  times,  available  for  comparison. 
The  source  was  independent  position  tracking  in  the  form  of  laser  or  radar  data.  The 
work  reviewed  in  this  paper  should  have  Immediate  application  in  the  development  of  MLS 
RNAV  Terminal  Area  Instrument  Approach  Procedures  (TERPS).  It  is  also  hoped  that  data 
gained  in  flying  the  system  will  be  of  use  to  standards  setting  organizations  such  as 
the  Radio  Technical  Commission  for  Aeronautics  in  the  United  States  and  EUROCAE  Working 
Group  27  in  Europe. 


LIST  OF  SYMBOLS 


Symbol 

♦ 

p 

•l 

♦i 

*r 

»G 
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CWC 

UTG 

HTE 

CTE 
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(X*.Y„Z.) 

(Xd.Yg.Zg) 

(«.♦.*) 

(x.y.z) 


Definition 

Received  MLS  Azimuth  Angle 

Received  MLS  Elevation  Angle 

DME/P  Slant  Range 

Approach  Course 

Glide  Path  Angle 

Magnetic  Bearing  of  0*  Azimuth 

Grid  Angle 

Azimuth  Course  Width  at  Terminal 
Waypoint 

Azimuth  Course  Width  at  Initial  Waypoint 

Distance  to  Go 

Vertical  (Height)  Error 

Cross  Track  Error 

MLS  Azimuth  Unit  Coordinates 

MLS  Elevation  Unit  Coordinates 

US  BE/P  Unit  Coordinate 

(ES  Coordinate  Triple 

Cartesian  Triple  Produced  by  Its 
Reconstruction  Algorithms 
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INTRODUCTION 


BACKGROUND 

The  Microwave  Landing  System  (MLS)  ia  currently  being  implemented  in  Che  United  Statee. 
The  ground  equipaent  consieta  of  chree  navigation  signal  source  eleaenta.  Lateral 
guidance  is  provided  by  the  azimuth  (AZ)  trsnsaltter,  vertical  guidance  by  the 
elevation  angle  tranaaitter  (EL),  and  distance  inforaation  by  precision  distance 
aeaauring  equipment  (DME/P) .  Airborne  receivers  have  the  built-in  flexibility  of 
having  the  pilot  select  the  approach  azlauth  end  elevation  angle  within  certain  Halts. 
Basic  MLS  signal  coverage  provides  sziauth  guidance  through  an  arc  of  120*,  and 
elavatlon  coverage  froa  0.9*  to  20*  above  the  horizon.  Ranging  Inforaation  in  coverage 
is  provided  out  to  at  least  20  ailes  (32  km).  MLS  ground  equipaent  transalts  auxiliary 
inforaation  in  the  fora  of  data  words.  These  data  words  can  be  Interpreted  by  airborne 
receivers.  The  words  include  inforaation  about  the  layout  of  the  MLS  ground  equipaent 
in  relation  to  Che  priaary  instruaent  runway. 

The  accuracy  of  the  MLS  is  a  significant  laproveaent  over  ILS  coaponent  accuracies. 

This  fact  coupled  with  the  large  coverage  voluae  of  the  MLS  will  peralt  Increased 
utility  of  the  MLS  to  provide  cerainal  area  navigation  and  precision  approach  guidance. 
With  the  addition  of  an  airborne  navigation  coapucer,  an  area  navigation  aethodology 
based  on  MLS  guidance  is  achievable.  In  larger  aircraft  existing  navigation  coaputers 
and  aucoaatic  flight  control  systeas  (AFCS)  could  be  coupled  with  the  MLS  airborne 
receiver  to  provide  che  MLS  RNAV  capability.  One  unique  feature  of  MLS  RNAV  is  its 
ability  to  provide  precision  RNAV  guidance  in  at  least  a  portion  of  Che  MLS  coverage 
voluae.  In  order  to  standardize  the  development  of  MLS  RNAV  and  Identify  ainlaua 
equipaent  performance  standards  the  Radio  Technical  Comaalssion  for  Aeronautics  (RTCA) 
has  formed  a  special  coaalttee.  This  coaalttee  is  preparing  a  draft  document  outlining 
che  alniaua  operating  perforaance  standards  for  MLS  RNAV  equipaent  (reference  1). 

Draft  ainlaua  performance  standards  have  been  developed  for  three  different  levels  of 
equipaent.  The  aost  distinguishing  feature  between  the  three  levels  of  equipaent  is 
Che  route  construction  capability.  The  least  capable  level  only  has  a  single  segment 
route  construction  capability.  The  next  level  has  a  multiple  segment  capability.  The 
most  advanced  systen  can  compute  curved  flight  path  routes  in  both  the  horizontal  and 
vertical  dimensions.  Even  with  the  least  capable  level  of  equipaent  single  segment  MLS 
RNAV  offers  many  useful  extensions  of  MLS  guidance  for  many  general  aviation  and 
hellcopcer  operators.  These  users,  more  than  likely,  do  not  have  onboard  navigation 
computers  and  are  not  equipped  with  on  AFCS.  Parallel  offset  approaches  provides  one 
of  the  most  useful  extensions  of  MLS  guidance  to  users  equipped  with  MLS  RNAV.  Offset 
parallel  precision  approaches  would  permit  the  servicing  of  parallel  runways  with  one 
MLS  system.  At  several  locations  terrain  restrictions  will  not  permit  the  azimuth 
transmitter  to  be  sited  on  the  extended  runway  centerline  1000  feet  beyond  the  stop  end 
of  the  runway.  Figure  1  depicts  an  example  of  an  offset  approach. 


/ 


nOWM  1.  SXAMPLS  OP  MLS  RNAV  OPPSIT  AZIMUTH  COMPUTID  CENTS  NUNS  APPOAACH. 
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Helicopter  operator*  could  benefit  from  MLS  RNAV  in  several  way*.  A  duple  single 
segment  RNAV  system  could  be  used  Co  provide  guidance  for  a  parasite  approach  to  a 
heliport  located  within  the  coverage  voluae  of  an  exiting  MLS.  This  saae  aethodology 
could  be  uaed  to  peralt  precision  instrument  approaches  by  helicopters  to  points  that 
are  separated  froa  the  prlaary  instruaent  runway.  This  would  reduce  traffic  congestion 
by  reaoving  the  generally  slower  helicopter  froa  the  flow  of  traffic  to  the  prlaary 
instruaent  runway.  An  exaaple  is  presented  in  figure  2.  Production  MLS  is  scheduled 
to  be  implemented  at  several  heliports.  Terrain  restrictions  and  obstacles  around  the 
heliports  could  reduce  the  effectiveness  of  the  system.  In  urban  areas  heliports  are 
often  sited  adjacent  to  bodies  of  water  or  flood  plains.  With  a  single  segment  MLS 
RNAV  it  would  be  possible  to  construct  a  point  in  space  precision  approach  to  a  point 
over  the  open  area.  This  could  result  In  reduced  approach  mlniauas  and  increase  the 
utility  of  the  MLS.  Figure  3  presents  an  example  of  a  point  in  space  precision 
approach. 


/ 


/ 


FIGURE  3.  MLS  RNAV  POINT-IN  -  SPACt  APPROACH 
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The  RTCA  Special  Committee  is  currently  investigating  several  issues.  These  Issues 
include  MLS  RNAV  accuracy  and  navigation  function  and  cockpit  display  update  rates. 
Other  issues  address  MLS  RNAV  position  deteralnation  methodology  and  definition  of  the 
MLS  KNAV  coordinate  reference  systea.  Analyses  of  soae  of  these  issues  have  been 
conducted  at  the  FAA  Technical  Center  in  Atlantic  City,  New  Jersey.  A  simple  single 
segment  prototype  MLS  RNAV  systea  was  built  at  the  FAA  Technical  Center.  This  systea 
was  used  to  deaonstrate  the  feasibility  of  applying  MLS  RNAV  techniques  to  sythetlcally 
compute  an  extended  runway  centerline. 

MLS  RNAV  EQUIPMENT  DESCRIPTION 

The  principal  constituents  of  our  prototype  level  1  (RTCA  defined  least  capable) 
capability  equipaent  are  the  MLS  angle  receiver,  DME/P  interrogator  and  a  Motorola 
68000  microprocessor  VMEbus^M  based  computer.  Interfaces  and  digital  to  analog 
converters  are  needed  to  route  navigation  guidance  information  output  from  the  computer 
to  existing  cockpit  displays.  The  MLS  angle  receiver  and  DME  interrogator  provide 
digital  output  of  received  azimuth  (e)  and  elevation  (4)  angles,  along  with  DME/P 
digital  range  (p).  These  words  are  transmitted  to  the  digital  input  Interfaces  in  the 
systea  card  cage.  The  computer  utilizes  this  input  along  with  cockpit  display  and 
control  unit  input  provided  by  the  pilot.  The  computer  then  outputs  the  necessary 
navigational  guidance  and  awareness  information  in  digital  form  to  the  system  output 
Interfaces.  These  interfaces  supply  the  data  to  appropriate  digital  to  analog 
converters  in  the  system  card  cage.  This  information  is  converted  to  provide  a  -150  to 
>150  microamp  full  scale  analog  signal  to  drive  standard  course  deviation  (CDI)  and 
vertical  deviation  indicators  (VDI)  in  the  cockpit.  Awareness  Information  such  as 
bearing  and  distance  to  the  azimuth  unit  can  also  be  presented  using  existing  cockpit 
displays.  Watch  dog  timers  are  employed  to  drop  failure/ fault  flags  if  guidance 
information  is  absent  for  two  or  more  seconds.  The  display  update  rate  of  the 
prototype  unit  is  currently  set  to  5  Hertz  (Hz).  A  detailed  hardware  block  diagram  is 
shown  in  figure  4. 


FIGURE  4.  MLS  RNAV  SYSTEM  BLOCK  DIAGRAM 
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The  algorithms  used  for  position  determination  and  guidance  are  programmed  in  the 
FORTRAN  language.  An  overview  of  the  prototype  system  software  design  is  shown  in 
figure  5.  Algorithm  input  comes  from  three  sources.  The  MLS  coordinate  triple  (»,*,») 
is  provided  by  the  MLS  angle  receiver  and  DME/P  interrogator.  The  MLS  ground  equipment 
provides  information  to  support  airborne  resolution  of  the  equipment  siting  geometry. 
Currently,  studies  are  being  conducted  to  determine  if  siting  differences  in  the 
z-plane  must  be  Identified.  Other  information  provided  by  the  ground  equipment 
includes  the  magnetic  bearing  of  the  0*  azimuth  (jr)  and  lateral  course  width 
sensitivity  information.  The  final  source  of  input  to  the  algorithms  is  the  cockpit 
entered  data.  This  includes  the  terminal  waypoint  cartesian  triple  (Xh.Vh.Zh), 
the  final  approach  course  (e<),  and  the  glide  path  angle  (*i)  to  be  flown  to  the 
terminal  waypoint.  The  final  approach  segment  length  may  also  be  identified  to  support 
course  width  tailoring  requirements.  Auxiliary  algorithm  features  support 
fault/ failure  detection  and  coasting  of  display  presentation  for  short  time  periods. 


«(TMMO  INTIMO 
PAT*  (A.C) 


noun*  8.  MLS  ANAV  SOFTWAMC 
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ANALYTICAL  STUDIES 


Prior  to  implementation  of  the  FAA  prototype  level  1  MLS  RNAV  system  in  flyable 
hardware  form,  extensive  analytical  studies  were  conducted.  These  studies  encompassed 
a  number  of  functional  areas  including: 

1 .  The  derivation,  progamming  and  testing  of  a  comprehensive  set  of  algorithms 
for  transformation  of  the  MLS  coordinate  triple  (e,4,p)  to  Cartesian  triple  (X,Y,Z). 
These  algorithms  are  called  MLS  reconstruction  algorithms. 

2.  Assessment  of  the  accuracy  of  the  MLS  reconstruction  algorithms  through 
simulation  and  the  use  of  live  flight  data. 

3.  The  development,  programming  and  testing  of  the  complete  MLS  RNAV  software 
package. 

Additionally,  accuracy  studies  were  conducted  in  order  to  quantify: 

1 .  The  effects  inducted  by  signal  source  errors  in  MLS  RNAV  position 
determination . 

2.  The  error  in  glide  path  angle  resulting  from  offset  approaches  when  elevation 
guidance  is  conic  and  not  planar. 

MLS  RECONSTRUCTION  ALGORITHMS 


The  three  ground  based  transmitting  units,  azimuth,  elevation  and  precision  distance 
measuring  equipment  define  a  generalized  MLS  coordinte  system  with  the  triple  (e,t,p). 
Knowing  the  triple  and  the  relative  positions  of  the  ground  units,  it  is  possible  to 
locate  the  position  of  the  aircraft  in  space. 

With  a  three  dimensional  MLS  RNAV  it  is  possible  to  determine  position  independently  of 
the  conventional  MLS  raw  data  approach  course.  Practicality  and  simplicity  dictate 
that  a  cartesian  coordinate  (X,Y,Z)  reference  sytem  be  employed.  In  our  development 
the  origin  of  this  coordinate  system  is  placed  at  the  phase  center  of  the  azimuth 
antenna.  The  y  axis  is  aligned  parallel  to  the  0°  azimuth.  In  order  to  obtain 
aircraft  position  in  this  coordinate  system  it  was  necessary  to  develop  a  set  of 
equations  to  convert  the  coordinate  triple  (9,*,p)  into  the  new  cartesian  coordinate 
triple.  For  obvious  reasons  this  transformation  must  be  unique  in  the  region  of 
application.  These  equations  when  implemented  on  a  digital  computer,  are  known  as  the 
MLS  reconstruction  algorithms.  These  algorithms  run  the  gamut  from  a  simple  exact 
solution  for  (X,Y,Z)  to  a  complex  fully  general  iterative  solution.  The  degree  of 
sophistication  is  dependent  on  the  ground  unit  geometry,  with  most  sophistication 
required  when  the  ground  units  are  sited  in  different  z-planes.  Work  is  in  progress  to 
determine  the  effect  on  position  determination  when  the  siting  location  z  coordinates 
are  unknown.  Underlying  the  development  of  the  reconstruction  algorithms  is  the 
concept  of  the  intersection  of  loci  defined  by  the  MLS  ground  units.  As  shown  in 
figure  6.  the  loci  of  constant  DME/P  distance  ( p)  defines  a  sphere  with  center  located 
at  the  ground  unit  site  (Xj.Yd.Zd).  The  elevation  unit  defines  a  cone  of 
exterior  angle  ( ♦)  centered  at  its  location  (Xe,Ye,Ze).  The  azimuth  unit  defines 
a  plane  or  cone  of  angle  (8)  relative  to  the  X-Z  plane  depending  on  whether  a  planar  or 
conic  azimuth  signal  pattern  is  used.  The  intersection  of  these  three  surfaces  defines 
the  possibie  locations  of  the  aircraft  in  space.  Four  points  result  from  the 
intersection  of  the  surfaces,  but  the  correct  solution  can  be  chosen  based  on  apriori 
knowledge  of  Che  geometry.  A  total  of  twelve  different  reconstruction  algorithms  have 
been  developed  at  the  FAA  Technical  Center.  A  description  of  the  siting  geometry,  the 
signal  propagation  pattern  and  the  method  of  solution  of  these  algorithms  are  contained 
in  table  1 . 

ALGORITHM  TESTING 


The  algorithms  have  been  validated  through  a  variety  of  methods.  The  first  was  a  grid 
test  procedure.  This  entails  iterating  through  the  points  in  (X,Y,Z)  space  and 
synthesizing  the  triple  (e,*,p)  for  a  given  ground  unit  geometry.  The  synthesized 
triple  is  then  input  Co  Che  algorithms  and  the  resulting  (X',Y',Z')  compared  with  the 
original  point  in  cartesian  three  space.  Besides  grid  tests  certain  algorithms, 
notably  cases  11  and  12  were  tested  via  simulation  of  single  segment  MLS  RNAV  route 
flights.  Figures  7,  8,  and  9  depict  the  results  of  this  testing.  In  the  example 
presented,  case  12  algorithms  were  used  to  reconstruct  aircraft  position  along  a  route 
which  biases  the  0°  azimuth  at  a  10°  angle.  The  terminal  waypoint  was  located  3600 
feet  (1097m)  in  front  of  the  elevation  antenna  on  the  extended  runway  centerline.  In 
the  figures  the  along,  cross  Crack  and  height  error  along  the  RNAV  segment  are  depicted 
as  functions  of  the  true  slant  range  from  the  UME/P  ground  unit.  In  all  dimensions  the 
resulting  errors  were  quite  small.  The  saw  tooth  pattern  on  figure  7  reflects  the 
granularity  in  the  test  procedure.  Position  determination  was  tested  every  100  feet 
(30  m)  on  the  segment  from  2.6  nautical  miles  (4.2  km)  into  the  terminal  waypoint. 


Other  issues  such  as  flight  dynamic  effects  on  algorithm  performance  and  algorithm 
cycle  timing  were  also  Investigated.  The  most  complex  forms  of  the  algorithms  (cases 


ELEVATION 

CONE 


OME  SPHERE-AZIMUTH 
PLANE  INTERSECTION 


ome-azimuth-elevation  intersection 


11  and  12  were  selected  for  testing)  with  live  flight  data.  This  data  consisted  of 
time  oriented  triples  (e,*,o)  recorded  on  tape  in  the  course  of  executing  conventional 
MLS  approaches  and  departures  with  the  S-76  helicopter.  Independent  tracking  of  the 
helicopter  while  executing  these  profiles  was  provided  by  the  Extended  Area 
Instrumented  Radar  (EAIR)  and/or  laser  tracking.  The  flight  derived  triples  were  input 
to  the  MLS  reconstruction  algorithm  which  generated  the  (x,y,z)  output.  These  triples 
were  then  compared  with  the  independently  obtained  tracking  data  using  a  time  oriented 
data  merge  procedure.  It  should  be  noted  that  differences  obtained  In  this  comparison 
reflect  more  than  algorithm  error.  Other  errors  include  signal  source  error,  receiver 
performance,  and  site  alignment  errors.  Despite  this,  excellent  results  were  obtained. 
Table  2  presents  the  means  and  twice  the  standard  deviations  of  the  differences  between 
MLS  RNAV  position  and  the  indepedently  tracked  position  for  each  approach  or  departure 
profile  flown  by  the  helicopter.  Approaches  were  flown  from  approximately  4  miles  (6.5 
km)  into  a  specified  decision  height  (DH) ,  on  a  specified  glide  path  angle  and  the  0° 
azimuth.  Departures  were  flown  out  to  approximately  4  miles  and  a  specified  altitude 
without  a  vertical  guidance  reference.  Departures  were  flown  on  the  20°  left  and  the 
20°  right  azimuth  as  well  as  the  0°  azimuth.  The  excellent  results  in  table  2  actually 
represent  the  equivalent  of  navigation  system  error. 
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TABLE  1 .  MLS  RECONSTRUCTION  ALGORITHMS 


CASE] 

DESCRIPTION 

SOLUTION 

1 

DME  4  AZ  COLOCATED,  PLANAR  AZ 

AZ  &  EL  COLINEAR,  SAME  Z  PLANE 

EXACT 

2 

DME  &  AZ  COLOCATED,  PLANAR  AZ 

AZ  &  EL  OFFSET,  SAME  Z  PLANE 

EXACT 

3 

DME  &  AZ  COLOCATED,  CONICAL  AZ 

AZ  &  EL  COLINEAR,  SAME  Z  PLANE 

EXACT 

4 

DME  &  AZ  COLOCATED,  CONICAL  AZ 

AZ  &  EL  OFFSET,  SAME  Z  PLANE 

EXACT 

5 

DME  &  AZ  COLOCATED,  PLANAR  AZ 

AZ  &  EL  OOLINEAR,  DIFFERENT  Z  PLANES 

ITERATIVE 

6 

DME  &  AZ  COLOCATED,  CONICAL  AZ 

AZ  &  EL  COLINEAR,  DIFFERENT  Z  PLANES 

ITERATIVE 

7 

"THEDFORD  ALGORITHM"  EXTENSION 

CONICAL  AZ,  DME  REFERENCE  FRAME 

AZ  &  EL  POSITIONS  COMPLETELY  GENERAL 

ITERATIVE 

8 

"THEDFORD  ALGORITHM"  EXTENSION 

CONICAL  AZ,  DME  &  AZ  COLOCATED 

ITERATIVE 

.  9 

COMPLETELY  GENERAL  SOLUTION 

CONICAL  AZ 

NONLINEAR  SEIDEL  INTERATION 

ITERATIVE 

10 

COMPLETELY  GENERAL  SOLUTION 

PLANAR  AZ 

NONLINAR  SEIDEL  ITERATION 

ITERATIVE 

11 

"THEDFORD  ALGORITHM" 

PLANAR  AZ,  DME  REFERENCE  FRAME 

AZ  &  EL  POSITIONS  COMPLETELY  GENERAL 

ITERATIVE 

12 

"SHREEVES  ALGORITHM" 

CONIC  AZ  &  EL 

COMPLETELY  GENERAL 

AZ,  EL  &  DME  POSITIONS 

NEWTON /RAPSON 
JACOBIAN  ITERATION 

DME  -  Precision  DME  Antenna 
AZ  -  Azimuth  Antenna 
EL  -  Elevation  Antenna 
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0.00  17.00  35.00  53.40  71.20  00.00  100.00  124.00  142.40  100.20 


TRUE  SLANT  RANGE  (FT.)  MO1 
FIGURE  0.  ALGORITHM  VERTICAL  ERROR 


An  additional  level  o£  system  simulation  was  performed  by  playing  the  MLS  and  DME/P 
data  through  the  MIS  RNAV  system  software  depicted  in  figure  5.  The  Thedford 
algorithm,  case  11,  was  used  for  the  transformation.  The  entire  software  suite  was 
found  to  consume  less  then  .02  seconds  per  update  cycle.  Iterative  solution 
convergence  were  always  satisfied.  The  timing  analysis  was  accomplished  on  a  HOP  11/23 
minicomputer  which  is  slower  than  the  prototype  system's  Motorola  68000  VMEbusln 
based  computer. 

MLS  RNAV  CONCEPT  ACCURACY  ANALYSIS 

Simulation  and  accuracy  tasks  were  initiated  at  the  FAA  Technical  Center  to  determine 
the  theoretical  limits  of  performance  of  an  MLS  RNAV  system.  Regardless  of  how 
accurate  MLS  reconstruction  algorithms  are,  other  system  limitations  such  as  signal 
source  error  may  limit  the  application  of  MLS  RNAV  techniques  within  the  total  volume 
of  signal  coverage.  These  limitations  will  influence  the  establishment  of  MLS  RNAV 
TSRPS  procedures  and  approach  minima.  Analysis  has  focused  on  the  most  useful 
application  of  MLS  RNAV,  the  parallel  offset  approach. 

Since  the  (s,4,p)  to  (X.Y.Z)  transformations  are  nonlinear  transformations,  no  direct 
computational  procedure  existed  for  determination  of  signal  source  error  impact  on  MLS 
RNAV  position  determination.  Hence,  analysis  of  signal  source  error  effects  on 
position  determination  was  accomplished  through  the  use  of  Monte  Carlo  simulation 
methods.  Case  1  reconstruction  algorithms  were  used  since  they  represent  the  most 
common  ground  unit  siting.  The  exact  MLS  coordinate  triple  (8t,»t,pt)  was 
obtained  for  a  particular  DH,  elevation  angle  and  offset  magnitude  combination.  Using 
Monte  Carlo  methodology  the  triple  (et.tp.pc)  was  obtained  for  a  particular  DH, 
elevation  angle  and  offset  magnitude  combination.  The  perturbed  triple  (8p.tn.Pp) 
was  input  to  the  reconstruction  algorithm.  This  procedure  was  replicated  lOOO  v 
times  and  the  variation  in  the  resulting  cartesian  triple  was  noted.  Table  3  presents 
cross  track  error  results  when  a  6°  glide  path  angle  is  used  to  arrive  at  a  300'  DH. 

The  errors  are  presented  as  a  function  of  the  magnitude  of  orfset  of  the  approach  being 
simulated  and  the  along  track  distance  between  the  azimuth  and  elevation  units.  Cross 
track  error  Increases  with  increasing  offset  values.  However,  the  cross  track  error 
decreases  as  the  azimuth  to  elevation  unit  distance  increases. 
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TABLE  2.  TOTAL  SYSTEM  ERROR  IN  POSITION  DETERMINATION 


Run 

No. 

Approach 

Angle 

(Deg.) 

DH  or 
Final  Alt. 
(ft) 

Along  Track 
Error  (ft) 

X  2  a 

Cross 

Error 

X 

Track 

(ft) 

2  o 

Height 
Error  (ft) 

X  2a 

1 

Departure 

800 

-46.86 

47.30 

-8.92 

25.26 

-7.26 

31  .70 

2 

3.0 

150 

11.90 

50.46 

-4.60 

18.64 

-8.07 

21  .12 

3 

6.0 

200 

30.66 

50.46 

-1  .02 

11  .84 

-7.87 

16.21 

4 

Departure 

2000 

-18.82 

31  .22 

27.67 

26.47 

2.97 

19.62 

5 

9.0 

350 

16.09 

28.98 

-0.22 

14.28 

-11  .60 

26.96 

6 

6.0 

150 

21  .96 

58.11 

-2.34 

27.62 

-2.20 

21  .48 

7 

3.0 

100 

40.59 

86.02 

-15.81 

48.30 

-1  .27 

28.98 

8 

3.0 

200 

10.07 

65.16 

-6.09 

15.82 

4.36 

31  .16 

9 

3.0 

200 

0.56 

50.32 

16.17 

25.88 

6.70 

29.98 

10 

Departure  20°L 

1400 

7.90 

48.12 

-7.01 

21  .66 

-7.52 

19.64 

11 

6.0 

200 

4.67 

33.02 

-10.72 

22.08 

-4.13 

24.34 

12 

6.0 

300 

16.54 

43.28 

-5.69 

24.62 

-3.67 

20.30 

13 

Departure 

2000 

-39.23 

51  .32 

-5.05 

25.00 

10.73 

18.16 

14 

9.0 

350 

26.47 

65.84 

-2.84 

30.14 

2.14 

34.88 

15 

3.0 

100 

30.82 

67.48 

8.71 

26.18 

0.64 

32.30 

16 

3.0 

150 

26.33 

63.30 

-8.92 

22.44 

-1  .49 

26.64 

17 

Departure 

2000 

-25.41 

44.54 

-8.08 

34.36 

2.77 

27.10 

18 

9.0 

350 

21  .30 

72.14 

-1  .77 

25.54 

-2.85 

24.14 

19 

Departure  20°R 

1400 

11  .11 

35.08 

-5.30 

42.06 

1  .82 

44.54 

20 

6.0 

300 

23.92 

62.34 

-8.42 

39.44 

-1  .21 

18.47 

21 

6.0 

200 

26.70 

69.18 

-30.88 

37.86 

0.49 

38.90 

22 

3.0 

200 

9.64 

30.06 

1  .59 

12.68 

-5.52 

21  .42 

23 

3.0 

150 

23.41 

58.72 

-1  .27 

9.38 

-3.73 

20.24 

24 

3.0 

100 

25.57 

50.42 

-0.93 

11.92 

-6.06 

19.54 

Another  limitation  which  must  be  considered  is  the  error  in  vertical  position  which 
results  when  the  elevation  angle  signal  pattern  is  conical.  Table  4  presents  this 
error  as  a  function  of  elevation  angle  DH  and  magnitude  of  offset.  Note  that  the 
vertical  position  error  increases  with  increases  in  the  elevation  angle  or  magnitude  of 
offset  in  the  approach  being  simulated.  Information  in  table  4  can  be  used  to  identify 
the  amount  of  offset  which  can  be  tolerated  without  causing  an  increase  in  Catagory  1 
approach  minima  when  using  raw  elevation  guidance.  Theoretically.  Catagory  1  approach 
minima  could  be  applied  across  larger  offset  magnitudes  if  the  vertical  position  error 
was  eliminated  with  computed  glide  path  guidance. 

COMPUTED  CENTERLINE  EXPERIMENTS 


BACKGROUND 

Parallel  offset  approaches  as  alluded  to  previously,  are  among  the  most  useful 
applications  of  MLS  RNAV.  In  many  cases,  geometry  and  obstructions  will  prevent  the 
azimuth  antenna  from  being  sited  conventionally  on  the  extended  runway  centerline  1000 
feet  beyond  the  stop  end  of  the  runway.  The  purpose  of  these  experiments  was  to 
demonstrate  the  feasibility  of  conducting  precision  MLS  RNAV  approaches  to  Catagory  1 
approach  minima  when  the  azimuth  was  offset.  This  capability  of  MLS  is  a  significant 
enhancement  over  a  conventional  ILS  which  has  an  offset  localizer.  When  the 
conventional  ILS  has  the  localizer  offset  the  operator  must  pay  a  penalty  in  increased 
approach  minima.  Using  a  simple  prototype  MLS  RNAV  system  Installed  in  a  Sikorsky  S-76 
helicopter  the  FAA  Technical  Center  conducted  computed  centerline  experimentation  at 
both  the  Atlantic  City  Airport  and  Washington  National  Airport. 
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TABLE  3.  C80SSTRACX  APPROACH  FIX  DISPLACS4NT  ERROR  2  SIGMA,  AT  0+-300  FT 
DOE  TO  AZIHJTH  OFFSET 


1  5 

wBSM 

3000 

3500 

4000 

4500 

6”  GLIDE  PATH  ANGLE 

AZIMJTH  TO  ELEVATION  DISTANCE  (FT) 

5000  5500  6000  6500  7000  7500  8000 

8500 

9000 

9500 

10000 

100 

3 

3 

3 

3 

3 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 

200 

7 

6 

6 

5 

5 

5 

5 

4 

4 

4 

4 

3 

3 

3 

3 

300 

10 

9 

9 

8 

8 

7 

7 

6 

6 

6 

6 

5 

5 

5 

5 

4 00 

14 

13 

12 

11 

10 

10 

9 

8 

8 

a 

8 

7 

7 

6 

6 

500 

17 

16 

14 

13 

13 

12 

11 

10 

10 

9 

9 

9 

9 

8 

7 

600 

20 

19 

17 

16 

15 

14 

13 

13 

12 

11 

11 

11 

10 

9 

9 

700 

23 

23 

20 

19 

17 

17 

15 

15 

14 

13 

13 

12 

12 

11 

11 

800 

28 

25 

23 

21 

20 

19 

18 

17 

16 

15 

15 

14 

13 

12 

12 

900 

30 

26 

25 

24 

21 

21 

20 

19 

18 

17 

16 

15 

15 

14 

14 

1000 

32 

30 

29 

26 

25 

23 

22 

21 

20 

19 

18 

18 

16 

16 

16 

1100 

37 

33 

31 

29 

28 

25 

24 

33 

22 

20 

20 

18 

18 

18 

16 

1200 

39 

38 

35 

31 

29 

27 

26 

26 

24 

23 

21 

21 

20 

19 

18 

1300 

42 

37 

37 

34 

32 

30 

29 

28 

26 

24 

23 

22 

22 

21 

18 

1400 

46 

41 

39 

36 

35 

31 

29 

28 

27 

25 

25 

23 

23 

22 

21 

1500 

49 

46 

41 

40 

37 

33 

31 

31 

29 

29 

27 

26 

24 

23 

22 

1600 

52 

47 

44 

42 

39 

35 

34 

33 

31 

29 

27 

27 

26 

26 

24 

1700 

53 

50 

46 

43 

42 

38 

34 

34 

32 

31 

30 

30 

27 

27 

26 

1800 

55 

53 

49 

46 

43 

41 

40 

36 

35 

35 

32 

30 

29 

28 

27 

1900 

59 

56 

53 

48 

45 

43 

41 

38 

36 

36 

34 

32 

30 

30 

29 

2000 

61 

58 

53 

50 

47 

45 

43 

41 

37 

36 

35 

36 

33 

30 

30 

2100 

65 

63 

54 

53 

50 

46 

43 

42 

37 

37 

37 

35 

34 

31 

30 

2200 

68 

62 

58 

54 

51 

49 

45 

43 

42 

39 

37 

36 

35 

34 

32 

2300 

70 

65 

59 

56 

52 

51 

48 

45 

45 

41 

40 

40 

36 

35 

33 

2400 

73 

67 

63 

61 

56 

53 

51 

47 

45 

42 

41 

42 

38 

36 

35 

2500 

73 

70 

65 

61 

57 

55 

51 

50 

47 

46 

42 

41 

40 

38 

37 

TABLE  4.  VERT.  POSITION  ERROR  (FEET) 

DUE  TO  OFFSET  OF  GONIC  ELEVATION 
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GROUND  EQUIPMENT 

As  described  in  reference  3,  the  Bendix  MLS  syscem  employed  at  Washington  National 
airport  consists  of  an  azimuth  unit  which  is  offset  laterally  273  feet  (84m)  from 
runway  33  centerline.  It  provides  proportional  guidance  within  +10°  about  the  phase 
center  of  the  antenna.  Full  fly  right  or  fly  left  guidance  is  provided  from  106  to  40° 
on  either  side  of  the  proportional  coverage  segment.  A  modified  Cardion  Corporation 
DME/P  unit  is  collocated  with  the  azimuth  antenna.  The  elevation  antenna  is  located 
258  feet  (79m)  inside  the  runway  33  threshold  and  250  feet  (76m)  laterally  from  the 
runway  centerline.  Proportional  vertical  guidance  is  provided  between  1°  and  15°  above 
the  horizon.  The  siting  configuration  for  Washington  National  Airport  is  illustrated 
in  figure  10.  The  currently  charted  procedure  requires  the  pilot  to  fly  the  final 
approach  on  the  2°  left  azimuth  until  Intercepting  the  extended  runway  centerline  2663 
feet  (812m)  from  the  runway  theshold.  At  that  point,  either  visual  contact  with  the 
runway  is  made  and  the  approach  completed  by  turning  left  to  align  the  aircraft  with 
the  runway  centerline  or  a  missed  approach  is  executed.  The  large  distance  between  the 
intercept  and  the  runway  threshold  results  in  high  approach  minima,  well  above  catagory 
1  minima.  , 


FIGURE  10.  WASHINGTON  NATIONAL  OFFSET  AZIMUTH  SITING 


AIRBORNE  EQUIPMENT 

Using  simple  prototype  MLS  RNAV  equipment  to  process  raw  MLS  receiver  and  DME/P  data,  a 
synthetic  extended  runway  centerline  was  constructed  and  data  guidance  presented 
relative  to  that  constructed  path.  Although  elevation  information  is  required  to 
construct  the  extended  runway  centerline  and  derive  lateral  guidance  information,  only 
raw  elevation  information  was  used  to  provide  vertical  guidance  during  the  approaches. 
The  airborne  equipment  performed  the  digital  to  analog  conversions  and  output  of  analog 
guidance  including  course  deviation  and  vertical  deviation  Information  on  the  pilot's 
horizontal  situation  indicator.  With  the  prototype  system  the  following  specific 
functions  were  performed  with  software: 

1.  Coordinate  transformation  using  case  1  algorithms. 

2.  Azimuth  course  width  tailoring  to  control  displayed  guidance  sensitivity. 

3.  Coasting  of  guidance  output  for  up  to  two  seconds  in  absence  of  MLS  data 
input. 

4.  Output  of  guidance  signals  and  failure/ fault  flags  to  cockpit  displays. 

The  entire  system  was  clocked  to  run  at  a  4  Hz  rate. 

COMPUTED  CENTERLINE  RESULTS 


In  addition  to  developmental  flights  at  the  Atlantic  City  Airport,  nine  offset  computed 
centerline  approaches  were  flown  at  Washington  National  Airport.  Test  run  conditions 
for  each  approach  are  shown  in  table  5.  The  glide  path  used  for  all  approaches  was 
4.6°.  This  is  the  minimum  charted  glide  path  angle  for  runway  33  approaches.  Final 
approach  segment  airspeeds  were  indicative  of  approach  catagory  A  through  C  aircraft 
speeds.  The  final  approach  airspeeds  ranged  from  80  to  120  knots.  All  approaches  were 
flown  down  to  DH's  of  at  least  200  feet  with  two  approaches  continuing  to  touchdown. 

For  the  approaches  flown  to  touchdown,  lateral  and  vertical  guidance  were  followed  to 
touchdown.  Both  approaches  flown  to  touchdown  resulted  in  termination  within  4  feet  of 
the  runway  centerline. 


<■ 


\/SSt 
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TABLE  5.  COMPUTED  CENTERLINE  APPROACH  CONDITIONS  AT 
WASHINGTON  NATIONAL  AIRPORT 


Run  # 

A/C 

Date  1985 

Indicated 

Airspeed 

(kts) 

DH 

(feet) 

Elev. 

(deg) 

Wind 

(kts/deg) 

Baro 

(In.  Hr.) 

1 

N-38 

July  23 

80 

200 

4.6 

310/08 

30.07 

2 

N-38 

July  23 

80 

200 

4.6 

310/08 

30.07 

3 

N-38 

July  23 

100 

200 

4.6 

310/08 

30.07 

4 

N-38 

July  23 

90 

200 

4.6 

340/06 

30.07 

5 

N-38 

July  23 

90 

200 

4.6 

340/06 

30.07 

6 

N-38 

July  23 

120 

200 

4.6 

340/06 

30.07 

7 

N-38 

July  23 

90 

200 

4.6 

310/13 

30.07 

8* 

N-38 

July  23 

90 

TD 

4.6 

310/13 

30.07 

9* 

N-38 

July  23 

90 

TD 

4.6 

310/08 

30.07 

* Flown  co  Touchdown 


The  course  flyability,  high  accuracy  and  low  dispersion  afforded  by  this  simple  system 
are  evidenced  by  the  low  means  and  standard  deviations  in  the  displayed  CDI  needle 
position  in  table  6.  Composite  plots  of  the  cross  track  and  vertical  track  deviations 
for  all  nine  approaches  are  shown  in  figures  11  and  12. 


TABLE  6.  FLIGHT  TEST  DATA  STATISTICS 


■  ■ 

Samples 

Velocity  (kts 

Azimuth 
Mean  ( 1 ) 

Azimuth 
Standard 
Deviation  (1) 

Equi 
Cros 
Displac 
At  DH 

valent 
s  track 
ement  (ft) 
At  3  mi. 

■ 

259 

80 

-0.0242 

0.0635 

44 

101 

2 

227 

80 

-0.0562 

0.0739 

52 

118 

3 

283 

100 

-0.0140 

0.0747 

52 

118 

4 

239 

90 

-0.0654 

0.2293 

160 

314 

5 

221 

90 

-0.0173 

0 . 1 1 26 

79 

180 

6 

127 

120 

+0.0437 

0.0810 

57 

130 

7 

245 

90 

-0.0276 

0.0927 

65 

148 

8 

301 

90 

-0.0361 

0.1096 

77 

175 

9 

311 

90 

-0.0258 

0.0925 

65 

147 

(1)  Expressed  as  a  percentage  of  +  150  oicroamps  full  scale  current. 
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Particularly  noteworthy  is  Che  difference  between  the  raw  received  azimuth  and  the  CDI 
position  maintained  by  the  pilot.  This  identifies  the  performance  of  the  pilot  in 
maintaining  the  track  along  the  computed  centerline. 

Initial  experimentation  at  Atlantic  City  identified  problems  with  course  width 
sensitivity.  Sensitivity  in  the  displayed  offset  parallel  approach  course  is 
influenced  by  the  amount  of  offset,  the  along  track  azimuth  to  elevation  unit  distance 
and  the  display  update  rate.  Demonstration  subject  pilots  had  no  difficulty  in  flying 
computed  centerline  approaches  when  the  course  width  was  tailored  to  provide  ±350  feet 
(107  m)  full  scale  cross  track  deviation  sensitivity  at  the  runway  threshold  and  then 
splaying  at  1.96*  to  3  nautical  miles  (4.8  km)  distance  from  the  azimuth  unit.  Beyond 
this  point  course  width  splayed  at  2.5*.  Position  determination  and  display  update 
rates  certainly  influence  system  performance.  Based  on  the  Washington  desrenstratlon 
results,  the  4  Hz  rate  was  deemed  the  absolute  minimum  required  for  precision 
approaches. 
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CONCLUSIONS 

Several  relevant  conclusions  can  be  drawn  from  the  analytical  studies  and  computed 
centerline  experimentation  conducted  by  the  FAA  Technical  Center. 

1 .  The  feasibility  of  performing  computed  centerline  approaches  when  a  parallel 
offset  precision  approach  course  is  synthesized  has  been  demonstrated.  With  minimum 
capability  MLS  RNAV  equipment,  parallel  offset  approaches  were  easily  and  accurately 
flown.  The  range  of  offset  magnitudes  to  which  this  technique  can  be  applied  and 
resulting  approach  minima  which  can  be  supported  must  be  investigated. 

2.  Course  width  sensitivity  and  tailoring  required  for  precision  MLS  RNAV 
approaches  are  a  function  of  several  variables  Including  system  cycle  rate,  along  track 
distance  between  the  azimuth  and  elevation  units,  and  approach  path  orientation. 

Course  width  sensitivity  and  tailoring  must  both  permit  adquate  pilot  performance 
(approach  course  flyabillty)  and  prevent  excessive  consumption  of  airspace  when 
applying  MLS  RNAV  techniques. 

3.  The  degree  of  sophistication  of  MLS  reconstruction  algorithms  must  be  studied 
in  more  detail.  Of  particular  importance  is  the  Impact  which  siting  ground  units  in 
different  z-planes  may  have  on  position  determination. 

4.  The  Influence  of  signal  source  error  on  reconstructed  position  requires 
additional  analysis.  The  results  of  this  analysis  will  scope  the  extent  of  application 
of  MLS  RNAV  techniques  in  establishing  approach  procedures  and  minima. 

3.  The  interaction  of  factors  such  as  system  cycle  rate,  course  width 
sensitivity,  and  ground  equipment  geometry  must  be  studied  in  more  detail  prior  to 
establishing  MLS  RNAV  approach  procedures  and  minima. 
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HLS:  Its  technical  features  and  operational  capabilities 
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Summary:^. 

“^^The  ILS/NLS  transition  plan  -was  developed  by  the  COM/OPS  Divisional  Meeting  of 
ICAO.  It-Tilghlights  the  technical  and  operational  problems  to  be  solved  with  the  imple¬ 
mentation  of  MLS.  Taking  into  account  present  developments  in  guidance  and  control 
automation  in  the  airplane  cockpit  as  well  as  in  ATC  systems,  the  following  aspects  are 
analyzed  and  presented'  Sere: 


(1)  Complexity  of  MLS  approach  procedures  and  function  allocation  to  ATC  and  aircraft 

(2)  Cockpit  automation  and  presentation  of  MLS  approach  information 

(3)  Aspects  of  all  weather  approach  and  landing  with  military  aircraft.  ^ 

1.  Introduction 

The  MLS  represents  an  all  weather  landing  system  with  great  advantages  against 
the  ILS.  However,  the  MLS  itself  does  not  solve  all  the  problems  related  to  the  goal  of 
improved  terminal  operation  under  Categories  II  and  III  weather  conditions. 


The  MLS  generates  and  transmits  azimuth,  elevation  and  ranging  guidance  data 
which  provide  accurate,  continuous  three-dimensional  position  information  within  the 
coverage  envelope  of  the  system  as  installed  at  the  respective  airport/airfield.  The 
ranging  element  is  generated  within  the  PDME  element  installed  with  the  MLS. 


Note  that  the  MLS  and  DME  ground  equipment  does  provide  the  signals  only.  The  pro¬ 
cessing  and  the  computing  of  the  three-dimensional  position  relative  to  the  runway  is 
done  in  the  airborne  receiving  and  processing  equipment. 

We  are  not  going  to  reiterate  the  disadvantages  of  the  ILS  and  the  advantages  of 
the  MLS.  This  has  been  dealt  with  in  many  papers  on  various  occasions.  What  we  think 
being  necessary  is  to  demonstrate  the  operational  restrictions  still  prevailing  with 
MLS,  and  to  discuss  the  problems  to  be  solved  to  overcome  these  restrictions. 

As  an  introduction  Fig.  1  shows  the  summary  of  curved  and  close-in  approaches 
made  with  the  MLS  equipped  "Terminal  Controlled  Vehicle"  (TCV)  B-737  airplane  during 
the  demonstration  of  the  US  Time  Reference  Scanning  Beam  (TRSB)  MLS  to  the  ICAO  All 
Weather  Operations  Panel  (AWOP)  in  the  years  1976  and  77  /I/. 

Today  the  final  centerline  segment  (FCLS)  envisaged  .for  MLS  approaches  is  still  3 
NM  or  more,  depending  on  weather  conditions  and  on  type  of  approach  flown. 

Prom  this  restriction  we  can  conclude  that  the  problems  to  be  solved  are  quite 
complex.  And  they  need  concerted  consideration  of  airport,  ATC  and  airplane  or  user 
aspects  and  needs,  before  the  technical  benefits  given  with  the  MLS  lead  to  the  opera¬ 
tional  benefits  expected  by  the  aviation  community. 

2.  ILS/MLS  Transition  Plan  and  its  operational  aspects 

The  ILS/MLS  transition  plan  was  developed  by  the  Communications/Operations  (COM/ 
OPS)  Divisional  Meeting  of  ICAO  in  Spetember  1985  /2/.  Pig'.  2  shows  the  operational  as¬ 
pects  of  this  transition  plan. 

Prom  Pig.  2  it  can  be  seen,  that  the  time  schedule  of  the  implementation  of  MLS 
as  primary  system  meanwhile  has  slipped  by  3  years  from  1995  to  1998. 

The  meeting  realised  and  stated  a  number  of  operational  problems  existing  related 
to  the  implementation  of  MLS.  Priority  1  was  given  to  those  problems  and  procedure 
design  considerations,  which  need  an  urgent  solution  for  an  early  implementation  during 
transition  phase  I.  The  list  of  items  (after  /3 /)  considered  by  the  COM/OPS  Divisional 
Meeting  is  presented  in  /3/.  In  the  following  a  few  areas  shall  be  discussed  which  -  in 
our  opinion  -  have  to  be  tackled  taking  into  account  present  developments  in  guidance 
and  control  automation  in  the  airplane  cockpit  as  well  as  in  ATC  systems.  The  problem 
areas  dealt  with  in  this  paper  are: 

(1)  Complexity  of  MLS  approach  procedures  and  function  allocation  to  ATC  and  Aircraft 
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(2)  Cockpit  automation  and  presentation  of  MLS  approach  information 

(3)  Aspects  of  all  weather  approach  and  landing  with  military  aircraft 
3.  Complex  MLS  Approach  Procedures 

The  federal  Aviation  Agency  (FAA)  has  recently  launched  a  study  aimed  at  develop¬ 
ing  the  MLS  operational  application  /4/. 

Fig.  3  shows  a  plan  view  illustrating  a  typical  "curved"  and  "segmented*  approach 
procedure  for  category  C  transport  aircraft.  This  looks  very  promising . However,  it  lea¬ 
ves  the  reader  to  interpret  the  difference  between  curved  and  segmented  approach;  and 
it  leaves  to  answer  some  questions,  and  to  solve  some  problems. 

Questions: 

o  Why  do  we  need  3,6  NM  straight  and  level  flight,  when  entering  the  MLS  coverage 
area?  -  Possibly  to  allow  time  for  ATC  to  compute  the  optimum  conflict  free  ap¬ 
proach  paths  for  each  aircraft  entering. 

o  Why  do  we  need  a  3.0  NM  common  FCLS?  -  Possibly  to  provide  buffer  time/zone,  re¬ 
ducing  the  load  on  ATC  in  case  a  missed  approach  clearance  is  required  because  of 
slowed  down  ground  operations  or  other  incidental  conditions. 

An  individual  approach  procedure  can  easily  be  established  using  the  on-board 
computing  capacity  of  modern  flight  control  and  navigation  systems.  This  has  been  done 
during  the  TRSB-MLS  demonstration  flights  with  the  TCV  B-737,  summarized  in  Fig.  1. 

The  problem  is  becoming  highly  complex,  if  the  NASA  goal  is  required  to  be 
achieved,  which  states  40  sec.  i  5  separation  of  landing  operations  /5/. 

In  Fig.  4  and  5  the  traffic  flow  over  a  period  of  10  minutes  is  demonstrated  un¬ 
der  (less  demanding)  60  sec  landing  separation  conditions.  The  underlying  assumptions 
for  this  traffic  flow  are: 

o  Provide  the  shortest  approach  path  from  entering  the  MLS  coverage  to  a  point  3  NM 
from  the  threshold;  turn  radius  of  1.5  NM  applied. 

o  Final  approach  speed  (or  landing  configuration)  should  be  set  as  late  as  feasible 
before  reaching  the  FCLS. 

o  In  case  of  conflict  the  methods  speed  control  or/and  approach  path  control  apply. 

Within  this  sampling  period  the  first  aircraft  reaches  the  FCLS  at  12:04  minutes. 
We  have  therefore  to  look  at  the  time  period  from  12:04  to  12:10  for  assessment  of  the 
control  load  for  the  ATC  approach  control  sector. 

During  this  period  the  approach  controller  has  to  control  6  aircraft  on  a  variety 
of  curved  approach  paths,  and  3  conflicts  have  to  be  dealt  with.  Every  additional  air¬ 
craft  entering  the  MLS  area,  exceeding  the  6  aircraft  under  control,  would  create  an¬ 
other  conflict.  This  control  load  can  not  be  handled  manually.  The  control  task  shows  a 
great  degree  of  difficulty  because  of  the  complexity  of  the  traffic  situation.  Under 
these  conditions  the  time  budget  of  the  approach  controller  would  have  been  hopelessly 
overloaded.  Every  clearance  being  established  must  take  into  account  a  number  of  other 
aircraft  flying  on  different  radials  or  turning  onto  a  new  radial. 

Consequently  more  automation  is  required,  if  the  goal  of  increasing  flexibiity 
and  approach  traffic  flow  shall  be  realised.  More  automation  is  required  in  ATC,  in  the 
aircraft,  and  in  the  information  exchange  between  the  two. 

In  reality  there  will  be  a  number  of  initial  approach  fixes  and  a  number  of  stan¬ 
dard  curved  or  segmented  approach  procedures  layed  down  for  each  airport. 

Every  incoming  airplane  is  assigned  an  approach  procedure  depending  on  its  ar¬ 
rival  route.  The  approach  procedures  can  not  be  assigned  arbitrarily. 

The  basic  separation  for  arriving  aircraft  has  to  be  established  before  there  en¬ 
try  into  the  MLS  coverage  area. 

Even  under  these  conditions  the  control  task  of  establishing  conflict  free  ap¬ 
proach  paths  for  a  greater  number  of  aircraft,  and  the  task  of  guiding  them  on  their 
paths  can  no  longer  be  performed  manually. 

In  the  following  the  automation  requirements  for  ATC,  aircraft  systems,  and  the 
communication  link  are  stated: 

(1)  Automation  required  in  the  ATC  system 


o  A  data  base  of  standard  curved/aegmented  approach  paths  for  defined  entry 
points  into  the  MLS  coverage  area 


o  Algorithms  to  establish  the  clearances  required  to  separate  an  airport  demand 
dependent  number  of  arrivals  before  their  entry  into  the  MLS  coverage  area 

o  Algorithms  to  compute  optimum  conflict  free  approach  paths  and  assigning  a 
respective  time/position  slot  for  the  incoming  aircraft 

o  Algorithms  for  the  missed  approach  case 

The  data  needed  from  every  aircraft  include  such  as  position,  heading,  track, 
speed,  height,  vertical  speed,  and  possibly  energy  data  as  well.  The  latter  could  be 
used  to  monitor  the  accuracy  of  time/position  slot  keeping  of  the  aircraft. 

In  case  more  than  one  runway  being  served  by  one  MLS,  the  number  of  approach 
paths  increase.  In  case  aircraft  of  different  speed  and  glide  slope  capabilities  are 
included,  the  complexity  of  the  algorithms  for  computing  the  time/position  slots  in¬ 
creases  considerably. 

(2)  Automation  required  in  the  aircraft  systems 

o  A  data  base  containing  the  standard  curved/segmented  approach  paths  including 
missed  approach  procedures  of  the  arrival  airport  and  the  alternates  (in 
military  operation) 

o  Algorithms  to  compute  curved/segmented  approach  paths  based  on  azimuth,  eleva¬ 
tion  and  distance  to  threshold  transmitted  from  MLS 

o  Algorithms  to  include  time  into  the  approach  path  computation  to  allow  opera¬ 
tion  within  a  time/position  slot  assigned  by  ATC. 

o  A  flight  management  system,  which  allow  different  auto  approach  modes  to  be 
applied: 

-  standard  approach  paths,  based  on  stored  data,  MLS  data,  and  aircraft  deriv¬ 
ed  dynamic  flight  data 

-  non-standard  approach  paths,  based  on  stored  runway  data,  MLS  and  flight 
data 

-  time/position  slot  guided  path,  based  on  ATC  derived  slot  data,  MLS  and 
flight  data  together  with  stored’ airport  (runway)  data 

In  case  the  "ATC  guided  auto  approach"  mode  (based  on  time/position  slot)  is  se¬ 
lected,  the  flight  management  or  flight  control  computer  is  engaged  to  accept  auto  ap¬ 
proach  commands  from  the  ATC  computer.  The  flight  safety  and  collision  avoidance  moni¬ 
toring  tasks  need  further  consideration  and  definition.  There  is  no  question  that  the 
related  problems  can  be  solved.  However,  it  will  take  some  time,  until  all  aircraft  are 
equipped  with  the  respective  flight  management  systems  enabling  to  fly  the  "ATC  guided 
auto  approach  mode".  Without  this  mode,  the  MLS  possibilities  can  hardly  be  turned  into 
realities. 

(3)  Data  Link  requirement 

The  concept  for  automation  of  the  ATC  -  and  the  flight  managment  system  illustra¬ 
tes  that  the  conventional  method  of  data  and  information  exchange  does  no  longer  serve 
the  purpose. 

At  present  the  ATC  receives  limited  aircraft  and  flight  data  via  the  transponder 
message.  Thg  guidance — is — »»»  II — baaed  on — vo.  ijal  ■-'jinmanicgtion .  With  MLS  a  data  link  is 
required  that  allows  ATC  to  receive  the  flight  data  required  from  the  aircraft  and  to 
transmit  the  control  guidance  data  to  the  aircraft. 

4.  Cockpit  automation  and  MLS  approach  information 

The  flight  management  system  of  the  aircraft  must  provide  the  display  computa¬ 
tions  for  appropriate  display  of  horizontal  and  vertical  situation,  and  of  director  in¬ 
formation  required  to  monitor  on  auto  approach  or  even  to  fly  it  manually  as  applicab¬ 
le  . 


Two  displays  are  required,  a  horizontal  display  and  an  attitude/director  display. 

(1)  Horizontal  display  for  approach  path  planning  and  for  navigation  during  the  ini¬ 
tial  and  intermediate  approach  phase.  Display  parameters: 

o  MLS  coverage  area 

o  Terrain  reference,  runway  and  other  airport  relevant  data 
o  Standard  approach  paths  or  (if  applicable)  approach  path  assigned 
o  Present  position,  time  and  other  navigation  information  (to  be  defined) 
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Approach  mode: 

o  MLS  coverage  and  guidance  information 

o  Terrain  reference  information  (from  data  base  if  available) 
o  Assigned  approach  path 
o  Time/position  slot  assigned 
o  Present  position  with  trend  vector 
o  Other  flight  and  navigation  data  to  be  defined 
Symbology  envisaged  has  been  published  by  NASA  /5/,  Fig.  6. 

(2)  Attitude/director  display 

A  number  of  investigations  have  been  performed  resulting  in  a  set  of  parameters 
to  be  displayed  on  the  vertical  situation  or  attitude  and  director  display  or  on  the 
head-up  display  (HUD). 

Fig.  7  presents  a  survey  of  three  sources: 

o  NASA  used  the  EADI  (electronic  attitude  director  indicator)  display  format 
shown  in  Fig.  8  and  the  integrated  situation  display  format  (Fig.  9)  in  con¬ 
junction  with  the  development  and  the  demonstration  flights  for  ICAO  MLS  eva¬ 
luation. 

o  The  Royal  Aircraft  Establishment  has  performed  fixed  wing  low  visibility  ap¬ 
proaches/landings  using  the  HS  748  aircraft  without  and  equipped  with  a  Mono- 
HUD  /6/. 

o  Avions  Marcel  Dassault  has  performed  a  similar  study,  named  "Research  and  De¬ 
velopment  Program  of  Electronic  Systems  for  the  Display  of  Synthetized  Infor¬ 
mations"  (PERSEPOLIS)  in  1979,  Fig.  10  /7/. 

Besides  the  display  parameters  proposed  in  Fig.  7  information  is  required  to 
signal  to  the  pilot  safety  critical  conditions: 

o  slow  airspeed/AOA  too  high 

o  excessive  deviation 

o  go  around  command 

o  system  failure  conditions  as  required 

These  considerations  illustrate  that  a  certain  degree  of  automation  at  the  man- 
machine  interface  is  required  to  enable  the  pilot  to  monitor  an  MLS  auto  approach  under 
optimum  situ?  :ion  awareness  conditions.  Only  then  can  we  expect  the  pilot  to  establish 
confidence  into  the  system  and  to  take  over  to  manual  control  in  case  of  failure. 

5.  Aspects  on  all  weather  terminal  operations  with  military  aircraft 

The  military  all  weather  terminal  operation  scenario  requires  considerations, 
which  are  not  based  only  on  the  civil  approach  comprising  MLS,  approach  lighting  and 
autoland  technology  and  system  improvements. 

These  considerations  for  the  90ies  should  include  the  technology  development  of 
the  airborne  equipment,  and  the  use  of  limited  ground  equipment  only.  Position,  track, 
and  glide  slope  finding  and  keeping  could  be  based  on: 

o  Sensor  technology  development  (Radar,  FLIR,  INS) 

o  C3  system  development  (GPS,  ITIDS) 

o  Integrated  navigation,  flight  and  thrust  control  technology  development, 
o  Terrain  reference  navigation 

If  this  is  done,  minimum  ground  installations  are  required  only: 
o  MLS,  or  Laser  Beam  (for  ground  guided  operation) 

o  Precision  signal  (radar)  reflectors  equipment  for  runway  position  and  confi¬ 
guration  (for  aircraft  guided  operation) 

o  Final  approach  path  lighting  (limited) 

o  Runway  lighting 
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(1)  Airborne  radar  guided  CAT  XI  approach 

The  concept  for  the  performance  of  airborne  radar  aided  CAT  II  approach  (ARCA) 
has  been  studied  in  more  detail  by  the  Radar-Division  of  the  AEG  Company  /8/.  It  shows 
that  the  ARCA  can  be  considered  as  supplementary  method  to  MLS/PDME.  With  minimum 
ground  equipment,  not  requiring  fixed  installations,  great  flexibility  of  operational 
applications  can  be  achieved,  such  as  use  for  minimum  operating  strip  operation;  use  on 
motorway  stretches  and  others. 

(2)  Approach  using  GPS/INS/TRN  information 

A  Global  Positioning  System  (GPS)  is  currently  reported  of  having  an  update  rate 
of  10  Hz  with  a  3  to  5  second  restoration  delay  in  the  event  of  signal  loss  (compared 
with  1  second  for  the  DME/P).  At  an  approach  speed  of  200  kts.  an  unaided  IN,  with 
drift  rate  of  1  NM/hr,  updated  at  3  NM  from  the  runway  threshold  will  result  in  a  28  m 
path  offset  at  touchdown.  For  an  update  at  1  NM  the  path  offset  will  be  9.23  m.  Studies 
carried  out  have  shown  that  a  GPS  aided  IN  with  Kalman  filters  can  significantly  im¬ 
prove  the  overall  positional  accuracy  of  the  resultant  data  displays. 

A  proposed  operation  of  approach  and  landing  is  the  useage  of  GPS  position  and 
velocity  updates  compared  to  a  stored  digital  representation  of  the  desired  approach 
path.  This  path  will  have  been  computed  from  the  desired  approach  profile  and  data 
specifying  the  exact  location  and  orientation  of  the  runway.  The  deviation  from  this 
desired  path  is  computed  for  each  update  of  actual  position,  and  the  resultant  informa¬ 
tion  is  used  as  flight  command  data.  The  study  assesses  the  accuracy  of  this  system, 
with  an  update  rate  of  one  in  3  seconds  and  an  approach  speed  of  100  kts,  to  be  suf¬ 
ficient  for  Cat.  II  operation. 

Glossary 

AWOP  All  Weather  Operations  Panel 

COM/OPS  Communications/Operations 

EADI  Electronic  Attitude  Director  Information 


FAA  Federal  Aviation  Agency 

FCLS  Final  Centerline  Segment 

HUD  Head  up  Display 

TCV  Terminal  configured  vehicle 

TRSB  Time  reference  scanning  beam 
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Fig.  1  Summary  of  the  curved  and  close  in  approaches 
demonstrated  to  AWOP  / 1 / 


Phase 

1 

till  1989 

II 

1990-1997 

Ill 

1998-1999 

IV 

2000  onward 

Status 

ILS  primary 

MLS  optional 

ILS  primary 

MLS  recommended 

MLS  primary 

ILS  optional 

MLS  only 

Opera¬ 

tional 

use  of  MLS 

•  ILS-typeMLSapprs. 

•  Higher  glidepath  for 
STOL.VTOL 

•  Improved  intercept 
procedures 

•  Introduction  of 
segmented  apprs. 

•  Increased  use  of 
improved 
applications 

•  Introduction  of  more 
complex  appr. 
procedures 

General  introduction  of 
complex  applications 

Complex  applications 
implemented 

Problems 
of  im¬ 
plementa¬ 
tion 

•  Definition  of 
guidance  on  curved/ 
segmented  and 
steeper  appr.  paths 

•  Specification  of  ATC 
and  aircraft  hard-  and 
software  rquts. 

•  Developm.of 
algorithms  for  auto¬ 
mation  rqud.  in  ATC 
and  aircraft 

•  Spec,  and  Developm. 
of  Data  Link  rquts. 

•  Define  RNAV  based 
on  MLS  area 
navigation  rquts. 

•  Joint  operation  of  air¬ 
craft  with  differing 
level  of  automation 

Fig.  2  ILS /MLS  transition  plan,  operational  aspects 
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same 

Total  energy 
(potential  flt.p.) 
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Preselected  glidepath 
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Pitch  scale 

6 
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7 

(Fit.  path  acceleration) 

IAS,  speed  error 
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Speed  error 
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Glidepath  (see  above) 

ILS  cross 

ILS/MLS  window 

MLS  window 

9 

Track  scale. 

Heading  scale. 

Heading  scale,  cmd.  track 

MLS  command  track 

track  angle  pointer 
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Track  error  relat.  2  to  9 

Track  error 

10 

Horizon 

- 
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Horizon 

11 
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- 

relation  of  2  to  8/10 
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12 
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same 
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Fig.  7  ILS/MLS  approach  display  parameters  of  the  sources  analyzed 
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AOVANCED  ATC:  AN  AIRCRAFT  PERSPECTIVE 
by 

Leonard  Credeur,  David  H.  Williams,  William  E.  Howell,  and  Cary  R.  Spltzer 
National  Aeronautics  and  Space  Administration 
Langley  Research  Center 
Hampton,  Virginia  23665 


SUMMARY 


The  principal  operational  Improvements  desired  by  commercial  aircraft  operators  In 
the  United  States  are  efficient  aircraft  operations  and  delay  reductions  at  the  major 
terminals.  This  paper  describes  efforts  underway  within  the  Advanced  Transport  Operating 
Systems  Program  at  the  Langley  Research  Center  to  provide  a  technology  basis  for  reducing 
delay  while  Improving  aircraft  efficiency.  The  principal  thrust  Is  the  development  of 
time-based  traffic  control  concepts  which  could  be  used  within  the  framework  of  the 
upgraded  National  Airspace  System  and  which  would  allow  conventionally  equipped  aircraft 
to  operate  In  a  manner  compatible  with  advanced  aircraft. 
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1.  INTRODUCTION 


The  principal  operational  Improvements  desired  by  commercial  aircraft  operators  In 
the  United  States  are  more  efficient  aircraft  operations  and  delay  reductions  at  the  major 
terminals.  Some  Improvements  In  aircraft  operational  efficiency  through  the  use  of 
airborne  flight  management  systems  have  been  realized.  Those  Improvements,  however  have 
been  limited  to  departure  operations  and  to  arrivals  during  off-peak  hours.  Because  the 
present  Air  Traffic  Control  (ATC)  Is  a  tactical  system  that  handles  delays  through  a 
series  of  local  separation  actions,  the  opportunity  to  realize  arrival  efficiency  Is 
severely  restricted  during  periods  of  heavy  traffic.  The  objectives  of  separation  and 
efficiency  are  not  mutually  exclusive  but  require  a  sophisticated  ground/airborne 
Interactive  process  which  Is  strategic  In  nature  to  manage  the  en  rou t e/ 1 erml na  1  flow 
control  and  scheduling  region.  Earlier  activities  oriented  toward  that  approach  are 
documented  In  references  1  and  2. 

In  the  broad  sense  efficient  aircraft  operations  Include  not  only  taking  delays 
efficiently  but  also  reducing  those  delays.  Unless  capacity  Is  Increased,  the  already 
existing  de 1  ay /capac 1 ty  problem  will  only  worsen  as  projected  traffic  Increases  occur. 

What  Is  needed  Is  an  approach  that  Is  broad  enough  to  simultaneously  address  several 
Issues.  How  can  aircraft  operations  during  peak  demand  periods  be  Improved?  How  can  ATC 
not  only  accommodate  aircraft  with  advanced  avionics  but  go  further  and  take  advantage  of 
this  capability  while  still  handling  conventionally  equipped  traffic?  What  can  be  done  to 
Improve  delivery  precision  and  reduce  Interarrival  separation  so  as  to  Increase 
capacity?  The  answers  to  these  Issues  lie  In  the  areas  of  ATC/alrcraft  Interaction, 
flexible  fuel -efficient  4-D  flight  management  systems,  and  automated  controller  aids.  An 
Integrated  approach  to  resolve  those  Issues  will  be  postulated  and  some  supporting 
research  will  be  presented. 


1.1  APPROACH 


Fundamental  factors  which  affect  delay  and  operational  efficiency  were  reviewed  In  a 
recent  NASA  planning  exercise  to  Identify  methods  to  Improve  the  ATC/alrcraft  system 
performance.  It  was  concluded  that  capacity  limitations  of  the  United  States  National 
Airspace  Sysem  (NAS)  was  a  major  obstacle  to  Improved  operational  efficiency.  This  Is  a 
longstanding  problem  which  has  been  obscured  by  events  such  a ■_  the  controllers  strike  and 
deregulation  but  which  Is  again  coming  to  t^e  fore  (reference  3).  Furthermore,  delay  and 
Its  associated  cost,  are  magnified  by  capacity  limitations  as  Indicated  In  figure  1 
(reference  4).  In  addition  even  modest  growth  predictions  estimate  a  60  percent  increase 
In  commercial  traffic  In  the  United  States  by  the  year  2000  (references  3  and  5).  Such  a 
growth  cannot  be  accommodated  without  major  Improvements.  In  what  Is  presently  an 
Informal  working  relationship,  the  National  Aeronautics  and  Space  Administration  (NASA) 
and  the  Federal  Aviation  Administration  (FAA)  are  evaluating  a  time-based  traffic  manage- 
ement  process  which  Is  aimed  at  resolving  the  Issues  raised  In  the  Introduction.  Since  > 

air  traffic  control  will  remain  a  centralized,  ground-based  process,  a  portion  of  the 
advanced  capability  would  be  Imbedded  In  the  Instructions  generated  on  the  ground  so  that 
all  aircraft  operate  In  a  similar  fashion.  Such  an  approach  requires  considerable 
sophistication  on  the  ground  In  the  form  of  automatically  generated  advisories  for  the  air 
traffic  controllers  and  an  attendant  degree  of  confidence  In  the  advisories  by  the  con¬ 
trollers.  The  ground  automation  Improvements  will  be  feasible  as  a  result  of  the  computer 
upgrade  embodied  In  the  FAA's  National  Airspace  System  Plan  which  Is  covered  In  separate 
papers  at  this  conference.  It  Is  Important  that  there  also  be  an  Integrated  man/machine 
development  effort  to  insure  cont rol 1 er /automat  1  on  system  performance  Improvements. 
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Figure  1.  -  Relationship  between  Capacity  and  Delay. 


In  recognition  of  the  Issues  discussed  above,  the  NASA  Langley  Research  Center 
Advanced  Transport  Operating  Systems  (ATOPS)  Program  Office  has  prepared  a  long  range  plan 
to  guide  our  research  In  the  next  decade  as  we  explore  technological  solutions  to  safely 
and  efficiently  Increase  airport  capacity.  The  plan  we  have  developed  has  as  Its  goal  to 
Increase  the  National  Airspace  System  (NAS)  Instrument  Meteorological  Condttons  (INC) 
throughput  while  reducing  aircraft  Direct  Operating  Cost  (DOC).  This  paper  will  focus  on 
the  first  phase  of  the  plan  shown  In  the  table  and  review  two  areas  of  work  at  NASA 
Langley  that  are  the  cornerstones  to  improving  delivery  precision  and  Increasing  aircraft 
operating  efficiency. 


PIU¥EIIY  PRECISION  WITH  IIMPWOVEP  EFFICIEPCY 

•  JOINT  EFFORT  WITH  FAA  A  INDUSTRY 

•  ADAPTIVE  TIME-CONTROL  ATC  CONCEPT 

•  AIRCRAFT  EFFICIENCY  EMBEDDED 

•  CONVENTIONAL  A  4-D  EQUIPPEO  A/C  CONSIDERED 


PAYOFF:  potential  for  capacity  improvements, 

REDUCTIONS  IN  DELAYS,  FUEL  USAGE,  AND 
CONTROLLER  WORKLOAD 
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2.  TINE-BASED  AIK  TRAFFIC  CONTROL 
2.1  A  Concept  for  the  Evolution  of  Ttae-Besed  Flow  Control 


One  of  the  principal  thrusts  of  the  ATOPS  research  program  Is  to  define  and  evaluate 
an  evolutionary  ATC  concept  which  would  Improve  the  capacity,  reliability,  and  economy  of 
extended  terminal  flow  operations  (en  route  approach,  transition,  and  terminal  flight  to 
the  runway)  when  used  with  projected  ground  and  avionic  hardware.  The  concept  would 
assist  the  air  traffic  controller  with  traffic  management  In  the  extended  terminal  area 
and  Is  a  step  In  the  direction  of  using  computers  for  control  assistance,  not  just  data 
formatting  and  transfer.  It  Is  evolutionary,  accommorlat  i  ng  today’s  aircraft  as  well  as  4- 
0  equipped  advanced  technology  aircraft.  The  algorithm,  employing  simplified  aircraft 
performance  models.  Is  designed  for  Integration  Into  the  manual,  vol ce- 1 1 nked  ATC  system 
and  will  accommodate  further  automation. 


The  proposed  time-based  flow  control  system  was  designed  to  bridge  the  gap  between 
today's  en  route  terminal  process  for  handling  arrival  traffic  at  major  terminals  and  the 
future  situation  where  most  of  the  aircraft  will  have  advanced  4-0  flight  management 
systems  capable  of  data  exchange  with  automated  ground  equipment.  The  current  En  Route 
metering  (ERH)  Is  charac t er 1  zed  by  coarse  planning  and  lack  of  coupling  between  terminal 
and  en  route  control.  FRH  uses  Interarrival  time  spaclngs  based  only  an  an  average 
arrival  rate  without  performance  modeling  or  controller  aids  to  deliver  aircraft  at  the 
desired  times.  The  terminal  control  facility  operates  on  the  output  of  the  ER*  process 
without  knowing  Its  Intended  landing  sequence  or  target  times.  The  terminal  control 
process  is  characterized  by  several  controllers  solving  successive  localized  merge  and 
separation  problems  (tactical  rather  than  strategic  control). 

In  essence  the  proposed  time-based  flow  control  system  Integrates  en  route  metering, 
f ue 1 -ef f 1 c 1 ent  profile  descents  and  terminal  sequencing  and  spacing  with  computer¬ 
generated  controller  aids  to  fully  use  runway  capacity  and  improve  fleet  fuel 
efficiency.  The  principal  features  of  the  concept  are  shown  in  figure  ?.  The  major  steps 
in  the  proposed  system's  operation  are  as  follows: 


1.  Oerandomi ze  the  aircraft  arrival  stream  Into  the  extended  terminal  area  by 

establishing  a  proposed  aircraft  landing  sequence  and  building  a  list  of  aircraft 
target  landing  times  based  on  safe  separation.  The  desired  meter  fix  time  as  a  result 
of  the  assigned  landing  is  also  determined. 

?.  Nominal  estimated  time  of  arrivals  used  in  step  1  are  based  on  fairly  simple  yet 
represent  at i ve  aircraft  performance  models.  Using  these  models,  a  fuel  efficient 
ground  expected  trajectory  Is  computed  to  meet  the  aircraft's  assigned  target  landing 
time. 


1.  r ompu 1 er - ge ne r a t ed  assistance  to  help  meet  aircraft  target  times  based  on  the 
trajectory  calculations  is  qiven  to  the  controller. 

4.  Adjustments  to  the  target  landing  times  and  perhaps  even  changps  in  the  landing 
sequence  will  be  necessary  to  accommodate  errors  and  uncertainties. 

5.  The  aircraft  trajectory  will  be  fine-tuned  in  the  final  approach  region  to  meet  the 
final  target  landing  time  with  limited  uncertainty. 
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Figure  2.  -  Terml na 1 /EnRoute  Flow  Control  System. 
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The  proposed  extended  terminal  time-based  concept  briefly  described  earlier  has 
several  potential  benefits.  The  metering,  sequencing,  and  scheduling  of  aircraft  to  the 
terminal  takes  place  early  enough  In  the  en  route  airspace  so  most  of  the  required  delay 
can  be  taken  In  a  more  f uel -ef f 1  cl ent  manner.  The  en  route  and  terminal  control  are 
Integrated  and  coupled  so  that  the  strategic  f uel -ef f i cl ent  descent  Is  continued  Into  the 
terminal  down  to  the  aim  point  near  the  final  approach  region;  thus,  4-D  equipped  aircraft 
will  be  allowed  to  use  and  benefit  from  their  capability.  The  concept  serves  both  current 
and  4-0  equipped  aircraft  by  using  g round-tided  profile  descent  Instructions  for 
unequipped  aircraft  and  target  time  objectives  for  equipped  traffic.  The  Hach/CAS  flight 
idle  thrust  descent  type  of  profiles  calculated  for  the  unequipped  aircraft  can  be  flown 
with  today's  conventionally  Instrumented  cockpit. 


The  time-based  concept  could  be  Integrated  Into  the  manual  voice-linked  ATC  system  in 
an  evolutionary  manner  and  later  accommodate  National  Airspace  System  (NAS)  features  such 
as  data  link  and  further  ground  automation.  Time-based  flow  control  will  ultimately  be 
used  to  its  fullest  potential  when  the  two  time-based  phenomena  that  currently  limit 
longitudinal  separation,  runway  occupancy  and  wake  vortex  decay  time,  can  be 
sat  1 sf actorl ly  manipulated  and  modeled.  Research  and  development  In  the  areas  of  runway 
guidance,  high-speed  turnoffs,  accurate  weather  prediction  and  wake  vortex  modeling  will 
eventually  permit  the  use  of  variable  reduced  time  separation  as  a  function  of  weather 
conditions.  That  Is  the  ultimate  goal  toward  which  the  proposed  concept  Is  Intended. 


?.?  Dynamic  Control  of  Arrival  Traffic 


Starting  at  the  horizon  of  control  boundary,  there  Is  a  range  of  minimum  and  maximum 
landing  times  considered  by  the  current  algorithm  that  the  aircraft  can  achieve  by  varying 
its  speed  between  nominal  approach  values  and  slower  speeds  limited  by  performance 
c ons i derat  1 ons .  If  the  landing  time  assigned  exceeds  the  maximum  speed  control  time  then 
the  additional  delay  must  be  absorbed  hy  path  stretching  or  holding.  For  the  sake  of 
discussion,  let  us  assume  that  the  scheduling  process  has  assigned  a  landing  time  within 
the  range  attainable  by  speed  control.  The  time  and  distance  associated  with  all  descent 
and  deceleration  segments  are  calculated  from  point-mass  equations  of  motion  for  a  clean- 
c onf i gu r a t i on  with  flight  Idle  thrust  and  using  predicted  winds.  The  details  of  the 
trajectory  calculation  are  presented  In  reference  fi .  As  shown  In  figure  3  the  vertical 
flight  path  is  divided  into  a  cruise  segment  and  several  descent  and  level  deceleration 
segments.  An  iterative  process  is  used  to  determine  the  required  metering-fix  altitude 
and  time  once  given  the  end  or  aim  point,  the  wind  and  the  nominal  speeds  for  the  segments 
inside  the  terminal  area  from  the  meter  fix  Another  Iterative  process  calculates  the 
cruise  Wach,  the  Nach/CAS  descent  to  the  metering  fix  and  time  to  begin  the  descent  so 
that  the  aircraft  arrives  at  the  metering  fix  at  the  prescribed  time,  altitude  and  speed. 
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figure  3.  -  Mach/CAS  Level  and  Flight  Idle  Descent 
Vertical  Flight  Path  Segments. 


let  us  follow  the  sequence  of  events,  depicted  In  figure  4  as  an  aircraft  flies  from 
the  horizon  of  control  to  the  runwty  In  the  proposed  time-based  flow  control  system.  At 
the  horizon  of  control  boundary,  the  ground  system  begins  the  process  of  determining  the 
landing  sequence.  The  nominal  arrival  speeds  and  route  distances  to  the  runway  are  used 
to  determine  aircraft  un-delayed  ETA's.  Initially  the  sequencing  criteria  used  Is  a 
projected  f 1 rst -to-reach  runway  ordering.  More  advanced  versions  could  employ  sequencing 
algorithms  which  take  advantage  of  the  variable  spacing  between  classes  of  aircraft  to 
slightly  Increase  the  runway  throughput  rate. 


- HORIZON  Of  CONTROL 

(SEQUENCING  AND  SCHEDULING) 


IN  ROUT! 
NRONILE  DESCENT 


TERMINAL  CONTROL 
BOUNOARV 


METERMO  fix 


•NEED  ADJUSTMENT 
NONIT 


RUN  WAV 
NROfILE  DESCI 


-NINE  TUNING 


RUNWAY 

Figure  4.  -  Sequence  of  Events. 

The  target  landing  time  Tor  our  example  aircraft  is  determined  by  taking  the  larger 
of  the  following:  (the  aircraft's  un-delayed  estimated  landing  time)  or  (the  landing  time 
of  the  previously  scheduled  aircraft  ♦  separation  criteria  ♦  huffer  time  to  account  for 
system  delivery  unce rt a  1  nt y ) .  From  the  trajectory  calculations  briefly  described  earlier, 
a  non  4-D  aircraft's  desired  meter  fi*  time,  the  *ach  cruise  and  the  time  to  begin  as  well 
as  the  Nach/CAS  speed  to  perform  the  descent  are  displayed  to  the  controller.  Using  this 
information  the  controller  can  assist  the  non  4-0  aircraft  to  meet  Its  schedule  In  a  fuel- 
efficient  manner.  The  4-D  equipped  aircraft  could  he  given  either  Its  meter  fix  or  aim 
point  time.  The  question  of  how  often  the  4-D  aircraft's  time  should  be  updated  Is  an 
issue  that  will  be  studied,  figure  5  gives  examples  of  the  type  of  controller  messages 
envisioned  for  both  4-D  and  non  4-D  traffic.  Coordination  and  Interfacing  between  ground 
system  designers  and  airborne  flight  management  builders  will  be  necessary  to  Insure 
compatabl 1  1  ty  between  the  paths  flown  by  4-0  and  non  4-D  aircraft.  This  issue  Is 
addressed  In  section  3.  Ideally  the  only  difference  would  be  the  greater  precision 
expected  from  the  4-D  aircraft. 
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Figure  5.  -  Example  T1«e-6as«d  Mow  Control  Instructions  for 
4-0  and  Hon  4-D  Equipped  Aircraft. 
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The  aircraft's  scheduled  landing  may  be  changed  when  it  arrives  at  the  meter  fix 
either  because  of  the  action  of  preceding  traffic  or  because  of  the  aircraft's  own  meter 
fix  time  error.  The  time-based  system  must  be  flexible  enough  to  accommodate  variable 
aircraft  time  errors  particularly  in  the  initial  implementation  when  a  large  percentage  of 
unequipped  aircraft  will  be  present.  Depending  on  cl rcumstances  the  aircraft's  schedule 
may  be  slipped  forward  or  backward,  and  its  sequence  may  even  be  altered  if  the  schedule 
slippage  warrants  such  action.  Using  the  aircraft's  updated  landing  time  based  on  its 
actual  meter  fix  arrival,  the  trajectory  calculations  determine  the  profile  descent  speeds 
needed  to  meet  the  target  landing  time.  Those  speeds  are  given  to  the  unequipped  aircraft 
whereas  the  aim  point  (bottom  of  runway  profile  descent)  time  Is  given  to  the  4-0 
aircraft.  Example  controller  messages  inside  the  meter  fix  are  also  shown  in  figure  5. 

In  the  final  approach  region  there  are  two  computer-aided  fine-tuning  maneuvers  which 
attempt  to  reduce  the  delivery  error.  In  keeping  with  the  evolutionary  approach,  the 
initial  design  was  configured  to  be  similar  to  the  conventional  approach  peformed  today. 
Future  real-time  experiments  with  both  4-D  equipped  and  unequipped  cockpits  will  explore 
the  advantages  of  other  vectoring  and  geometry  schemes.  The  process  currently  under  study 
is  based  on  a  continually  updated  ETA  calculation  which  displays  how  early  the  aircraft 
would  be  if  its  turn  instructions  were  issued  now.  With  expected  response  times  factored 
in,  the  display  indicates  when  and  to  what  heading  the  controller  should  vector  the 
aircraft  for  the  base  and  centerline  intercept  segments.  The  fine-tuning  region  must 
accommodate  minor  schedule  changes  due  to  other  aircraft  errors,  wind  estimate  errors  or 
own  aircraft  flight  errors  which  have  accumulated  since  the  last  speed  control  point. 


2.3  Horizon  of  Control  Effect 


The  extended  terminal,  time-based  flow  control  concept  has  been  developed  vi.d 
incorporated  into  the  TAATM  (Terminal  Area  Air-Traffic  Model)  simulation.  A  fast-time 
parametric  sensitivity  evaluation  of  the  basic  extended  terminal  area  flow  controls 
concept  is  underway  using  TAATM  in  a  four  corner-post,  Denver  runway  26L  configuration 
with  IFR  arrival  commercial  traffic.  One  of  the  variables  considered  is  the  horizon  of 
control . 

A  major  goal  of  the  proposed  system  is  to  meter,  sequence  and  initially  schedule 
ar-ival  aircraft  early  enough  in  the  approach  so  that  the  required  delays  needed  to 
derandomlze  the  traffic  can  be  taken  In  a  fuel  efficient  manner.  The  question  is  how 
early?  Figure  6  was  plotted  to  shed  some  light  on  the  question.  The  expected  en  route 
delay  and  its  standard  deviation  for  the  two  separation  standards  are  shown  for  various 
horizons  of  control  (flight  time  between  scheduling  and  meter  fix).  The  data  were 
obtained  from  a  simulation  with  a  saturation  (35  aircraft  per  hour)  sample  of  large  and 
heavy  aircraft  using  IFR  3/4/5  and  2/3/4  nautical  miles  separations  and  a  meter  fix 
delivery  error  standard  deviation  of  30  seconds.  Also  shown  on  the  plot  are  contours  of 
delay  possible  by  speed  reduction  to  Mach  0.67  for  a  range  of  Initial  cruise  speeds. 

Using  the  Mach  0.78  initial  cruise  speed  and  the  3/4/5  nautical  mile  separation  as  an 
example  we  see  that  a  horizon  of  control  of  27.5  minutes  from  the  meter  fix  is  enough  so 
that  speed  control  will  handle  all  the  en  route  delays  that  are  less  than  the  expected 
delay  plus  1  a. 

Figure  6  showed  the  slight  en  route  delay  effect  which  results  from  changing  the 
horizon  of  control.  There  is  also  a  terminal  effect  which  must  he  considered.  From  the 
moment  an  aircraft  is  scheduled  at  the  horizon  of  contro'  point  and  begins  its  flight 
toward  the  meter  fix,  there  are  schedule  changes  that  ocmr'as  a  result  of  preceding 
traffic  meter  fix  time  errors  and  flight  error  inside  the  terminal.  Consequently,  when  an 
aircraft  arrives  at  the  meter  fix  its  target  time  may  have  shifted  from  that  originally 
assigned.  The  longer  the  flight  time  the  more  the  schedule  landing  time  is  likely  to 
change.  Figure  7  shows  this  effect.  The  expected  terminal  time  delay  plus  In  is  shown 
as  a  function  of  horizon  of  control  for  the  3/4/5  traffic  separation  standards  and  error 
conditions  as  existed  in  figure  6.  Also  shown  is  an  example  nominal  terminal  speed  delay 
control  capability  boundary.  A  system  goal  is  to  use  f uel -ef f 1  cl ent  speed  control  inside 
the  terminal  as  well  as  en  route  without  resorting  to  path  stretching.  What  we  seek  is  a 
horizon  of  control  that  is  large  enough  to  handle  most  of  the  expected  en  route  delays  and 
yet  does  not  impose  terminal  delays  that  exceed  the  terminal  profile  descent  speed  control 
capability.  For  the  simulation  conditions  given  (.78  cruise  Mach,  3/4/5  separation)  the 
horizon  of  control  window  should  be  between  27.5  and  40.5  minutes  from  the  meter  fix.  It 
should  be  noted  that  slower  cruise  Mach  will  narrow  the  control  window  or  may  require  path 
stretching. 


2.4  Close-In  Delivery  Precision  Performance 


Like  any  ATC  system  that  must  keep  violation  of  specified  separations  to  a  low 
probability  level,  the  proposed  time-based  system  capacity  is  sensitive  to  final  system 
delivery  precision.  This  comes  about  because  a  delivery  error  (o)  dependent  interarrival 
time  buffer  must  be  added  to  the  separation  time  to  prevent  a  separation  violation. 

Figure  8  shows  an  example  of  runway  arrival  rate  for  transport  aircraft  as  a  function  of 
separation  standard  and  the  system  interarrival  error  standard  deviation  which  maintains 
the  same  low  probability  of  violations.  A  key  issue  as  related  to  system  capacity  becomes 
the  delivery  precision  of  any  proposed  evolutionary  time-based  system. 
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Figure  8.  -  Impact  of  Runway  Interarrival 
Error  on  Arrival  Rate. 


There  is  reason  to  believe  that  aircraft  equipped  with  advanced  flight  management 
systems  with  4-D  control  can  achieve  less  than  5  seconds  standard  deviation  (references  7 
to  10).  The  principal  constraint  on  the  system  will  be  the  accuracy  with  which  non-4-D- 
equipped  aircraft  are  handled.  There  are  simulated  results  which  indicate  what  the  actual 
system  performance  will  be.  The  fast-time  simulation  used  to  obtain  the  data  of  figures 
6,  7,  and  8  yielded  an  interarrival  error  standard  deviation  of  6.5  seconds.  Real-time 
piloted  cockpit/controller  interaction  studies  are  planned  to  verify  that  finding.  An 
earlier  study  to  assess  navigation  effects,  reference  11,  used  the  same  fast-time  model. 

In  that  study  the  fast-time  simulation  predicted  interarrival  error  standard  deviation  of 
7.9  and  9.2  seconds  for  two  navigation  systems.  Piloted  simulation  studies  yielding 
parallel  findings  of  5.3  and  10  seconds.  The  results  of  a  different  speed  and  vectoring 
scheme  in  the  terminal  (reference  12)  indicated  a  single  aircraft  delivery  0  of  9.4 
seconds  which  translates  to  about  13.3  seconds  interarrival  o.  There  is  reason  to 
believe  that  with  controller  aiding,  the  interarriv*l  error  standard  deviation  for 
unequipped  traffic  can  be  reduced  to  the  region  of  8  to  12  seconds  as  compared  to  the  18 
to  20  seconds  (reference  13)  typical  for  current  manual  control  system.  This  would 
theoretically  yield  an  arrival  i ate  increase  in  the  range  of  8  to  18  percent  when 
operating  under  U . S .  TFR  wake  vortex  separation  rules. 


3.  SOME  4D-EQU1PPE0  AIRCRAFT  AND  SYSTEM  REQUIREMENTS 


'  ,.Mnjry  requirement  for  the  evolving  time-based  ATC  system  is  to  minimize  costs 
•  •  '  a'  •  operators.  In  order  to  satisfy  this  requirement,  careful  consideration  must 
*  •'  a-  t ommodat i ng  40-equipped  aircraft  preferred  flight  trajectories.  Further, 

•  «e  ael  speed  profile  selection  for  aircraft  during  heavy  demand  situations  must 
operating  costs  for  each  airplane  while  reducing  overall  system 
to  accomplish  these  goals,  knowledge  of  airplane  operating  cost 
,  •  '■'■}»*  fine  for  a  given  range  must  be  integrated  into  the  design  of  the 

i  system.  Requirements  for  airplane  performance  models  and 
•  ■  •'  ■■■  e*fects  must  also  be  determined. 


■  *ntf  Speed  Selection 


•  ■-  •  >  a’rp'ane  has  a  spectrum  of  minimum  fuel  required  for  flight 
,, anilities  of  the  airplane.  An  example  of  fuel  versus  time 

•«m-jet  transport  airplane  is  shown  in  figure  9.  The 
' .  '  >•  rorrespond  to  the  minimum  and  maximum  operational 
■■  .••’■•t-a'  speed  capability  remains  at  these  extremes; 

’•"ii'e  a"  airplane  to  fly  at  the  absolute  airframe 
*-  ■•'«'*«  the  two  extremes  represent  the  minimum  fuel 

.  >-  t  p  *  *  m  a i  speed  schedule  for  the  given  time  and 

►  in nu> es  is  therefore  available  for  this  airplane 
*  .  a'n  changes  or  holding  operations. 
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Figure  9.  -  Fuel-Time  Performance  Spectrum  for  a  Twin  Jet 
Transport  (200  n.mi.  range,  descending  from 
FL350  to  5000  ft.  for  a  flight  time  of  31.5  min.). 

3.1.1  Minimum  cost  time  selection 

Choice  of  desired  flight  time  for  a  given  range  is  a  function  of  operator  cost  of 
time  and  fuel.  A  useful  parameter  defining  a  cost  ratio  between  time  and  fuel  costs  is 
given  below: 


cost  ratio  =  C t / ( C t+Cf ) 
where, 

Ct  «  time  cost,  $/sec 

Cf  »  fuel  cost,  $/lb  of  fuel 

When  time  costs  are  the  overriding  concern,  the  cost  ratio  will  approach  1,  corresponding 
to  the  minimum  time  point  on  figure  9.  For  minimum  fuel  operations  the  cost  ratio  will  be 
near  0,  corresponding  to  the  time  for  minimum  fuel  (approximately  35  minutes  on  figure 
9).  Typical  values  of  cost  ratios  for  operators  of  the  twin-jet  transport  in  the  United 
States  ranged  between  0.4  and  0.6  during  1985. 

The  fuel  versus  time  performance  spectrum  can  now  be  used  to  determine  the  desired 
flight  time  for  a  particular  cost  ratio.  In  addition,  cost  penalties  for  times  other  than 
the  desired  time  can  be  calculated.  Figure  10  illustrates  the  cost  penalties  as  a 
function  of  flight  time  for  the  performance  spectrum  of  figure  9  with  a  0.5  cost  ratio. 

The  desired  time  for  this  particular  situation  is  31.2  minutes.  The  line  labeled  “optimal 
profile"  presents  the  cost  penalty  (relative  to  the  cost  for  31.2  minutes)  for  times 
achieved  by  flying  the  minimum  fuel  profiles  defined  In  figure  9.  This  represents  the 
minimum  cost  penalty  for  any  given  flight  time  for  a  0.5  cost  ratio.  Also  shown  on  the 
figure  are  cost  penalties  incurred  If  flight  times  greater  than  the  desired  time  of  31.2 
minutes  are  absorbed  by  holding  at  cruise  altitude  rather  than  adjusting  the  speed 
profile.  This  corresponds  to  the  current  ATC  practice  where  time  guidance  is  not 
available  to  controllers  and  holding  patterns  are  standard  methods  for  absorbing  delay. 
Substantial  additional  cost  penalties  result  from  this  practice. 

Considering  the  optimal  profile  data  presented  in  figure  10,  a  user-preferred  time 
window  of  controllability  can  be  established.  The  full  7  minute  time  window  (29  to  36 
minutes)  can  result  In  cost  penalties  of  6  percent  at  the  extremes.  In  order  to  keep 
penalties  to  1  percent  or  less,  the  time  window  must  be  reduced  to  approximately  3  minutes 
(30  to  33  minutes  flight  time).  In  other  words,  a  six-fold  Improvement  In  cost  savings 
can  be  achieved  by  roughly  halving  the  time  window.  Airplanes  with  different  cost  ratios 
will  have  different  preferred  time  windows,  as  shown  In  figure  11.  If  actual  cost  ratio 
Is  known  for  a  particular  airplane,  flight  times  could  be  established  accordingly.  An 
alternate  approach  would  be  to  establish  a  narrow  time  window  defined  by  an  overlapping 
range  of  cost  penalties  for  a  given  airplane  type.  For  example,  using  the  data  In  figure 
11,  a  time  window  of  1.5  minutes  (30.5  to  32  minutes)  would  provide  all  operators  of  this 
twin-jet  airplane  with  cost  penalties  of  no  more  than  1  percent. 


-  Optimal  profile 

- Hold  at  crulae  altitude 


Time,  minutes 


Figure  10.  -  Fixed  Time  Cost  Penalty  for  a  Twin  Jet  Transport 
(Cost  Ratio  =  0.5,  200  n.mi.  range,  descending 
from  FL350  to  5000  ft. ) . 


—  Coat  ratio  =  .4,  Ct/(Ct  +  Cf) 
■-  Cost  ratio  »  .6 


Time,  minutes 


Figure  11.  -  Fixed  Time  Cost  Penalties  for  Two  Cost  Ratios  for 
a  Twin  Jet  Transport  (200  n.mi.  range,  descending 
from  FL350  to  5000  ft.). 


Knowledge  of  airplane  performance  characteristics,  and  possibly  cost  ratio,  can 
provide  valuable  guidelines  to  ATC  assignment  of  flight  times  during  moderate  traffic 
conditions.  The  ability  to  assign  early  as  well  as  late  times  within  a  reasonable  cost 
envelop  can  enhance  the  handling  of  mixed  and  dense  traffic  with  random  arrival  gaps. 
Landing  slot  tradeoffs  between  aircraft,  based  on  cost  penalty  time  windows,  may  provide 
additional  gains  In  capacity.  Under  saturated  traffic  conditions,  however,  minimization 
of  time  delays  will  be  the  primary  function  of  time-based  ATC. 
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3.1.2  Profile  Coapatibl 1 Ity 


The  preceding  discussion  has  assumed  a  single  optimum  speed  profile  exists  for  each 
point  on  the  fuel  versus  time  performance  spectrum.  In  reality,  there  Is  a  wide  range  of 
speed  profiles  which  will  produce  comparable  fuel  usage  for  a  given  range  and  flight 
time.  This  provides  flexibility  In  choosing  speeds  which  both  minimize  fuel  and  provide 
tactical  airplane  separation  while  achieving  desired  arrival  time.  This  same  speed 
flexibility  can  also  lead  to  Incompatibilities  between  ground  and  airborne  systems. 

The  determination  of  a  speed  profile  for  a  given  time  and  range  can  be  accomplished 
using  a  variety  of  techniques.  Depending  on  the  strategy  employed  by  a  particular 
algorithm,  a  significant  variation  In  speeds  at  a  given  distance  from  the  airport  Is 
possible.  For  example,  a  common  iparatlonal  strategy  Is  to  fly  a  constant  Mach  number  In 
cruise.  Initiate  descent  at  the  s- me  Mach  number  and  transition  to  a  constant  calibrated 
airspeed  for  the  remainder  of  the  descent.  A  wide  range  of  cruise  Mach  and  final  descent 
airspeed  combinations  are  capable  of  producing  the  same  flight  time.  Figure  12 
Illustrates  the  speed  combinations  for  a  31.5  minute  flight  of  the  twin-jet  transport 
covering  a  200  nautical  mile  range.  The  speed  combination  yielding  the  minimum  fuel  for 
this  flight  segment  Is  approximately  a  .72  Mach  cruise  and  290  knot  descent  calibrated 
airspeed.  As  shown  on  the  figure,  there  Is  a  wide  band  of  speed  combinations  which 
achieve  the  same  end  conditions  with  no  more  than  1  percent  Increase  In  fuel  over  the 
minimum  fuel  speeds. 

The  relative  Insensitivity  of  fuel  usage  as  a  function  of  speed  profile  can  be  used 
to  advantage  In  the  ATC  process.  Cruise  speeds  of  airplanes  can  be  adjusted  to  avoid 
local  traffic  separation  problems  while  maintaining  arrival  time  sequencing  and  capacity 
at  the  airport.  This  Is  particularly  Important  when  handling  a  mix  of  traffic  with 
different  Inbound  cruise  speeds.  The  flexibility  of  selecting  alternate  speed  profiles  to 
achieve  fixed  flight  time  may  be  required  In  order  to  provide  desired  capacity  levels  at 
some  airports.  This  flexibility  will  also  alleviate  compatibility  problems  between 
profiles  calculated  by  ground  algorithms  and  those  computed  by  airborne  flight  management 
systems . 


Descent  calibrated  alrapeed,  knots 

Figure  12.  -  Fixed  Time  Speed  Flexibility  for  Twin  Jet  Transport 
(200  n.ml.  range,  descending  from  FL350  to  5000  ft. 
for  a  flight  time  of  31.5  minutes). 

3.2  Modeling  Requirements 


Both  ground-based  and  airborne  trajectory  generation  algorithms  require  analytical 
models  of  the  atmosphere  (wind,  temperature,  and  pressure)  and  airplane  performance.  The 
structure  and  accuracy  of  these  models  can  be  critical  to  the  results  of  the  algorithm. 
Choice  of  model  structure  Is  largely  dictated  by  the  flight  strategy  employed  by  the 
algorithm.  Model  accuracy  requirements  are  dependent  on  the  level  of  performance 
penalties  associated  with  errors  In  the  model.  Parametric  sensitivity  studies  are  being 
conducted  to  characterize  and  quantify  the  penalties  due  to  mlsmodeled  atmospheric 
conditions  and  airplane  performance  for  both  time-constrained  and  unconstrained 
operations.  Of  particular  Interest  to  time-based  ATC  development  Is  the  required  accuracy 
of  wind  and  atmospheric  temperature  rodellng  for  cost  effective  operation. 
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3.2.1  Atmospheric  Effects 


Airplane  performance  must  Incorporate  atmospheric  variations  In  pressure,  temperature 
and  wind  to  generate  satisfactory  flight  trajectories.  Highly  volatile  atmospheric 
variations  can  produce  significant  differences  in  predicted  and  observed  conditions. 
Variations  in  wind  speed  and  direction  will  directly  affect  the  time  required  to  fly  a 
fixed  range.  Changes  in  temperature  will  affect  true  airspeed  and  geometric  altitude  rate 
during  climb  and  descent. 

Initial  sensitivity  studies  have  documented  the  cost  penalties  resulting  from  wind 
errors  during  a  cruise/descent  flight  segment  for  a  typical  twin-jet  airplane.  Figure  13 
shows  the  cost  penalty  for  flying  a  200  nautical  mile  cruise/descent  flight  segment  in 
both  known  and  unknown  winds  with  the  same  arrival  time  required  for  all  conditions.  The 
cost  penalties  are  relative  to  the  minimum  cost  which  could  be  obtained  for  the  given  wind 
condition  if  time  were  not  fixed.  The  results  for  known  winds  therefore  reflect  the 
penalty  incurred  by  not  adjusting  flight  time  based  on  actual  winds.  The  penalties  for 
unknown  winds  include  the  effect  of  not  computing  the  flight  trajectory  based  on  actual 
winds.  For  this  particular  flight  segment,  winds  on  the  order  of  22  to  25  knots  (headwind 
to  tailwind)  can  be  tolerated  for  no  more  than  a  one  percent  cost  penalty  if  they  are 
known  to  the  airplane's  trajectory  generator.  Unknown  winds  must  be  no  more  than  10  to  15 
knots  for  the  same  one  percent  penalty,  with  tailwinds  being  more  restrictive.  These  data 
are  useful  both  for  the  design  of  airborne  wind  models  as  well  as  for  determining 
recomputation  criteria  and  data  update  requirements  for  advanced  flight  management  systems 
and  ground  scheduling  algorithms. 


-30  -10  10  30 


Wind  (tailwind  positive),  knots 


Figure  13.  -  Wind  Effect  on  Fixed  Time  Cost  Penalty  for  Twin  Jet 
Transport  (Cost  ratio  =  0.5,  200  n.mi.  range,  FL330 
to  10000  ft.). 
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4.  CONCLUDING  REMARKS 


The  previous  two  sections  of  this  paper  have  described  two  of  the  cornerstones  of  our 
research  to  develop  a  technology  foundation  for  reducing  the  aircraft  Interarrival  time 
error  at  the  outer  marker  while  Increasing  aircraft  efficiency.  Figure  14  shows  how  this 
research  fits  together  with  other  current  and  prior  research  focused  on  delivery 
precision.  The  ATOPS  program  with  Its  Transport  Systems  Research  Vehicle  (TSRV)  aircraft 
is  uniquely  capable  of  integrating  these  pieces  into  coherent,  coordinated  experiments 
that  address  every  facet  of  the  Issue.  An  example  set  of  experiments  to  provide 
definition  of  some  of  the  options  and  issues  In  delivery  precision  Is  shown  in  figure 
15.  The  TSRV  aircraft  will  be  flown  while  embedded  In  a  ground-based  simulation  with 
computer-generated  aircraft.  This  effort  will  evaluate  the  control  ler/pl  lot  Issues, 
capabilities  of  equipped  and  unequipped  aircraft,  and  define  the  delivery  precision 
attal nabl e . 


Figure  14.  -  Technology  Integration  for  Improved  Delivery  Precision. 


•  DEFINE  AIRCRAFT  vs  GROUND  OPTIONS 


Figure  15.  -  Experimental  Evaluation  of  Delivery  Precision  Capability. 

Today  there  is  a  major  airport  capacity  problem  In  the  United  States,  and  It  promises 
to  get  substantially  worse  by  the  turn  of  the  century.  This  lack  of  capacity  reduces  the 
viability  of  air  transportation  by  causing  delays  and  Inefficient  operation  of  aircraft. 

A  number  of  technological  developments  have  been  Identified  that  offer  the  potential  for 
Increasing  airport  capacity  and  thereby  reducing  delays  while  Increasing  aircraft 
operating  efficiency.  Research  described  In  this  paper  Is  underway  as  a  part  of  the  ATOPS 
long  range  plan  mentioned  In  Section  1. 
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SUMMARY 

This  paper  deals  with  the  strategic  control  concept,  intended  as  a  new  management  philosophy  that  can  improve  efficiency  of  - 
Air  Traffic  Control  (ATC)  systems.  After  having  introduced  a  classification  of  the  different  ATC  functions,  based  on  a  multilevel 
scheme,  strategic  control  is  decomposed  in  a  hierarchy  of  sub-functions.  Subsequently,  the  "on-line  strategic  control  of  flights' 
is  considered  and  the  mathematical  aspects  of  this  problem  are  illustrated. 

Then  the  structure  of  a  real  time  solution  algorithm,  proposed  in  a  previous  work,  and  a  possible  scheme  of  route-time  pro¬ 
file  generation  are  reported.  Finally,  computational  efficiency  of  the  proposed  approach  is  discussed. 

V 


1.  INTRODUCTION 

The  current  ATC  systems  are  mainly  conceived  to  ensure,  with  short  period  interventions,  safety  of  flights.  In  fact,  today 
the  air  traffic  controller  uses  radar  to  assess  the  traffic  situation  and  speed,  altitude  and  heading  instructions  to  separate  and  space 
aircraft.  This  is  a  "tactical"  system  using  relative-position  separation  in  which  the  planning  horizon  is  very  short  and  the  situation 
is  allowed  to  develop  before  solutions  are  offered. 

The  pilot  does  his  own  navigation  only  when  there  are  no  nearby  aircraft.  As  the  flight  encounters  traffic  of  increasing  den¬ 
sity,  ATC  intervenes  more  and  more  until  in  a  busy  terminal  area  the  controller  is  vectoring  the  airplane  continuously  in  all  three 
dimensions  and  in  airspeed.  This  control  system  is  manpower  intensive,  uses  relatively  inefficient  flight  paths  to  solve  traffic  situa¬ 
tions  and  is  at  or  near  its  capacity  in  handling  traffic  and  supporting  increased  runway  operations. 

This  management  phylosophy,  probably,  will  not  be  suitable  in  the  future,  when  congestion  phenomena  will  occur  more 
often  in  the  most  important  terminal  areas.  Therefore,  it  seems  necessary  to  introduce  in  the  future  ATC  systems  not  only  more 
automated  procedures  to  keep  proper  safety  levels,  but  also  planning  functions  to  increase  system  capacity  and  reduce  total  cost. 
In  this  manner  it  is  possible  to  improve  system  efficiency.  Now,  an  effective  planning  action  depends  on  the  availability  of  long 
term  accurate  forecasts  and  adequate  control  techniques. 

In  recent  years,  several  scientists  have  carried  out  studies  in  these  two  directions;  consequently,  they  have  introduced  a 
new  control  concept  defined  as  "strategic  control". 

For  example,  the  North  Atlantic  ATC  operation  can  be  considered  as  a  strategic  system  in  that,  because  of  a  lack  of  radar, 
separation  is  planned  for  the  total  over  ocean  flight  before  an  aircraft  is  put  into  the  system. 

Nevertheless,  different  and,  sometimes,  contrasting  meanings  are  assigned  in  literature  to  the  above  term. 

In  (1)  a  classification  of  different  control  functions  is  proposed;  in  particular  "strategic  control"  is  seen  as  a  long  term 
off-line  planning  of  traffic  flows  and/or  of  single  routes.  On  the  contrary,  "tactical  control"  is  a  short  term  on-line  action.  This 
distinction  is  also  taken  up  in  (2]  and,  from  a  certain  point  of  wiev,  in  |3).  Instead,  in  [4],  [5]  and  [6]  "strategic  control"  is  not 
necessarily  an  off-line  planning,  but  may  also  imply  an  on-line  planning  action,  based  on  the  knowledge  of  the  current  state  of 
the  system.  A  special  concept  of  "strategic  control*  is  proposed  in  [7,  8|,  where  this  function  is  considered  as  the  ability  of  defi¬ 
ning,  for  each  plane,  an  optimal  four-dimensional  path.  This  route  must  be  followed  with  such  a  precision  to  ensure  the  preser¬ 
vation  of  time  and  distance  standard  separations. 

From  another  point  of  view,  the  strategic  approach  only  prevents  conflicts  [9],  while  in  [5]  it  could  also  improve  system 
performance  in  terms  of  global  economy. 

To  overcome  the  difficulties  caused  by  these  different  interpretations,  the  author  and  others,  on  the  basis  of  a  concept  repor¬ 
ted  in  [10],  have  proposed  a  representation  of  the  ATC  based  on  a  multilevel  scheme,  where  a  well  defined  function  is  associated 
to  each  level  [11),  (12).  Moreover,  a  mathematical  formulation  of  the  "strategic  control  of  flights"  is  provided(ll)  and  a  solution 
algorithm  in  the  case  of  control  on  pre-assigned  optimal  routes  is  designed  (13). 

The  following  works  [14,  15]  deal  also  with  the  on-line  control  of  flights,  but  without  the  hypothesis  of  space  routes  fixed 
as  nominal  ones. 

At  present,  we  feei  that  there  is  a  general  agreement  on  the  soundness  of  introducing  in  ATC  systems  a  somewhat  planning 
function  with  effectiveness  depends  on  developments  of  navigation  techniques,  air  ground  communication  devices,  new  opportu¬ 
nities  of  data  processing  offered  by  modern  computers  and  new  perspectives  open  by  expert  systems  and  decision  support  systems. 

Therefore,  in  this  paper,  on  the  basis  of  the  mentioned  researches,  "strategic  control"  is  viewed  as  a  hierarchy  of  different 
planning  sub-functions,  each  one  referring  to  a  different  time  horizon,  Then,  particular  attention  is  devoted  to  the  on-line  strategic 
control  of  flights  because  this  function  appears  to  be  more  critical  to  implement.  For  this  reason,  the  possibility  of  real  time  solu¬ 
tion  of  the  mathematical  problem  and  the  design  of  route  time  profile  generation  system  are  also  anahzed  and  discussed. 

2.  A  MULTILEVEL  MODEL  OF  AIR  TRAFFIC  CONTROL 

The  ATC  problem  is  a  typically  large  scale  problem  characterized  by 

high  number  of  variables  and  constraints, 

numerous  sub-systems  and  strong  interactions, 
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-  numerous  control  objectives  also  conflicting, 

•  limitations  and  complexity  of  models  used  to  forecast  the  movement  of  airplanes  and  traffic  evolution, 

•  fast  dynamics  and  real-time  interventions, 

•  presence  of  several  human  operators  in  the  system  (pilots,  controllers,  etc.),  each  having  a  certain  independence  on  decision  taking. 
To  approach  this  problem  it  seems  fit  to  utilize  appropriate  decomposition  criteria  based  on  a  hierarchy  of  control  functions, 

each  related  to  a  different  time  horizon.  Fig.  1  represents  a  possible  scheme  where  both  the  available  resources  and  a  long  term  air 
traffic  demand  are  supposed  to  be  known. 
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Fig.  1  -  MULTILEVEL  MODEL  OF  AIR  TRAFFIC  CONTROL 


The  higher  level  is  associated  with  the  planning  of  the  air  space  structure,  routes  and  ATC  procedures and.generally,  with  the  evolu¬ 
tion  of  the  overall  control  systems. 

The  second  level  represents  the  planning  activity  of  flights  carried  out,  within  a  time  horizon  of  a  few  months, in  connection  with 
the  estimated  traffic  demand. 

The  level  called  "strategic  control"  represents  a  planning  activity  of  m>-dium-long  term  interventions  to  organize  traffic  flows 
and/or  define  amendements  to  single  flight  plans.  Finally,  tactical  control  is  a  real-time  control  action  to  satisfy  short-term  requi¬ 
rements  and/or  to  solve  emergency  situations. 

At  present,  the  actions  relative  to  the  first  two  levels  are  not  being  carried  out  on  the  basis  of  optimization  criteria.  For  example, 
in  general,  there  is  no  coordination  in  the  decision  of  the  airlines,  consequently,  it  is  not  possible  to  prevent  the  congestion  situations. 

Available  studies  refer  especially  to  the  two  lowest  levels  of  the  mentioned  hierarchy  or,  more  precisely, to  sub-functions  of  these 
levels.  In  particular,  strategic  control,  up  to  now,  has  only  been  utilized  in  a  partial  and  limited  manner,  in  fact,  the  current  ATC 
systems  are  still  mainly  based  on  tactical  control  actions.  On  the  contrary,  we  feel  that  a  systematic  introduction  of  a  strategic  func¬ 
tion  could  constitute  the  most  relevant  and  revolutionary  innovations  in  air  traffic  control.  In  fact,  this  approach  seems  to  be,  in 
theory,  the  only  one  able  to  minimize  the  operational  cost  and,  at  the  same  time,  improve  safety  standards  in  ATC  (see  also  Ref. 7,8). 

In  practice,  the  implementation  of  a  control  function  that  optimizes  planning  of  flights,  implies  considerable  difficulties  depen¬ 
ding  on  the  necessity  of  long-term  right  forecasts  and  inadequacy  of  the  available  methodologies  to  solve  problems  of  such  com¬ 
plexity. 


3.  STRATEGIC  CONTROL 

To  simplify  the  previous  problem  it  seems  convenient  to  decompose,  in  its  turn,  the  strategic  control  function  on  the  basis  of  a 
multilevel  model  of  distinct  sub-functions. 
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A  first  decomposition  criterion  could  be  a  distinction  between  "off-line"  and  "on-line"  control.  For  off-line  control  we  mean  a 
planning  activity  carried  out  before  interested  planes  enter  the  system  (generally,  before  departure)  an  1  based  exclusively  on  traffic 
forecasts.  Instead,  for  on  line  control  we  mean  a  control  activity  based  mainly  on  observations  of  the  current  state  of  the  system 
and  worked  out  in  a  rather  short  period  (in  comparison  with  dynamics  of  flights)  to  allow  subsequent  interventions  on  the  con¬ 
trolled  traffic. 

A  second  criterion  could  be  based  on  a  distinction  between  control  on  aggregate  variables  (traffic  flows)  and  control  on  variables 
relative  to  single  planes  (flight  plans).  Fig.  2  represents  a  multilevel  decomposition  of  strategic  control  corresponding  to  the  above 
criteria. 
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Fig.  2  -  MULTILEVEL  MODEL  OF  STRATEGIC  CONTROL 


To  completely  understand  the  meaning  of  this  model,  one  must  point  out  that  the  hierarchical  order  of  the  various  levels  refers 
mainly  to  the  different  time  horizon  and, generally,  doesn't  express  a  decisional  hierarchy  in  the  control  actions.  More  precisely,  we 
can  say  that  higher  levels  basically  ought  to  simplify  decisional  problem  relative  to  the  lower  levels. 

In  the  following  functions  associated  to  each  level  and  relative  operations  are  illustrated. 

3.1.  Flow  Planning 

The  flow  planning  functidn  should  be  carried  out  within  a  few  hours,  comparing  the  expected  traffic  demand  with  an  estimate 
of  the  system  capacity  (airways,  terminal  areas).  Then,  a  distribution  of  traffic  flows  in  the  airspace  should  be  determined  to  relate 
the  demand  to  the  capacity. 

3.2.  Planning  of  Flights 

On  the  basis  of  flow  planning  and  of  the  same  time  horizon,  this  off-line  activity  should  determine  amendments  for  the  requested 
flight  plans.  These  amendments  should  have  the  aim  both  of  reducing  the  a  priori  conflict  probability  and  satisfying  a  somewhat 
optimal  criterion. 

We  must  also  specify  that  many  random  factors  affect  the  above  process,  so  we  represent  the  flights  by  utilizing  a  simplified 
model  made  up,  for  example,  of  passing  times  and  altitudes  at  the  way-points  of  the  planned  route. 
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3.3.  Flow  Control 

The  on  line  flow  control  refers  to  a  time  horizon  of  about  15-30  minutes  and.  in  particular,  it  should  forecast  local  and  short- 
period  traffic  peaks  and  reduce  possible  effects  on  the  system.  This  can  occur  both  by  imposing  delays  on  the  flows  upstream  of  the 
traffic  congestion  and  planning  a  different  distribution  of  the  traffic  in  adjacent  sectors. 

3.4.  Strategic  Control  of  Flights  (SC F) 

This  function  has  the  same  time  horizon  as  the  on-line  flow  control.  It  should  plan  free  conflict  trajectories  on  the  basis  of  ob¬ 
servation  of  the  current  state  of  the  system  in  order  to  satisfy  the  constraints  on  the  airplane  performances,  space  structures  and 
possible  flow  limitations. 

In  the  following  sections  we  consider, in  detail,  the  on-line  strategic  control  of  flights. 


4.  STRATEGIC  CONTROL  OF  FLIGHTS 

As  previously  mentioned,  the  task  of  on-line  SCF  is  to  optimize  flight  plans  of  single  airplanes  in  a  prefixed  region  with  a  time 
horizon  of  about  15-30  minutes. 

The  sub-system  associated  with  the  SCF  function  can  be  outlined  as  in  fig.  3,  where  both  inputs  and  outputs  are  indicated.  The 
inputs  are  the  flight  plans  of  the  airlines,  the  information  relative  to  the  state  of  the  system  and  the  limitations  imposed  by  flow 
control.  The  outputs  are  the  amendments  to  the  flight  plans  that  represent  control  interventions  on  the  planes  of  the  system  and 
can  be  useful  information  for  tactical  control. 
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Fig.  3  -  REPRESENTATION  OF  THE  SCF  FUNCTION 


More  in  detail,  the  requested  flight  plans  should  tx*  optimal  from  the  point  of  view  of  fuel  and/or  Time  consumption  if  each  plane 
were  alone  m  the  system  Instead,  information  on  the  slate  of  the  system  concerns  iddar  data  on  the  flights  evolution,  short  and 
medium  term  meteorological  forecasts  and  state  ot  the  ATC  infrastructures.  As  tor  restrictions  impose*  bv  flow  control,  these 
limit  the  control  action  on  the  sinqle  plane  according  to  the  flow  planning  in  the  control  region.  In  particular,  such  limitations  can 
refer  to  ihe  maintaining  of  appropriate  separations  when  planes  fly  over  prefixed  points  of  the  controlled  airspace. 

F  naliy  for  amendments  to  flight  plans  we  mean 

variations  of  altitude  levels  m  comparison  with  the  nominal  flight  plans 
imposing  route  delays  through  the  speed  i  ontrnl 
imposing  reroutings  and/or  holding  patterns 
imposing  departure  delays. 

Now  to  build  a  mathematical  model  of  the  SCF  we  must  test  establish  a  control  region,  a  time  horizon  and  a  representation 
ot  the  airways  network  and  the  trajector  ies  of  planes,  then  we  must  define  control  variables,  constraints  and  the  objective  function 
to  optimize. 


4. 1  Control  region 

The  possibility  to  tarty  out  a  strategic  action  on  the  single  plane  depends  greatly  on  the  extent  ot  the  region  where  a  coordinating 
"terverition  is  possible.  In  tact,  SCf .generally  aims  to  follow  an  efficient  profile  during  all  phases  of  the  flight  (take-off,  cruise, 
landing)  Therefore,  the  mote  flight  plans  (compared  with  global  traffic)  refer  to  the  prefixed  control  region,  the  more  significant 
SCT  is.  Nevertheless,  even  not  considering  political,  normative  and  organizational  difficulties,  an  upper  bound  to  the  extent  of  the 
control  region  is  derived  because  ol  the  limited  performances  both  of  mathematical  methodologies  and  real  time  computation  sys¬ 
tems. 

In  tact,  the  problem  complexity  increases  when  the  dimensions  of  the  control  rof-  m  increase. 

4.2.  Time  horizon 

The  time  horizon  is  mainly  determined  by  the  maximum  time  interval  in  which  it  is  possible  to  accurately  predict  future  traffic 
situation  in  the  control  region. 

At  present,  the  available  models  seem  to  be  able  to  provide  adequate  forecasts  for  look-ahead  times  of  about  15-30  minutes. 
This  limit  could  also  bring  to  a  spatial  decomposition  of  the  control  action  in  the  fixed  region. 

4.3.  Airspace  and  planes  trajectories  representation 

Given  a  control  region  R,  the  representation  of  the  space  and  planned  trajectories  must  be  accurate  enough  to  make  a  meaning¬ 
ful  control  action  and.  at  the  same  time,  simple  enough  to  permit  real-time  data  processing. 

To  this  end,  in  the  following,  airspace  is  described  through  a  network  representing  both  the  airways  and  the  terminal  areas. 

More  in  detail,  the  network  nodes  represent 

the  intersection  of  the  airways  with  the  R  boundary; 

the  intersection  of  the  airways  with  the  terminal  areas  boundary, 

the  intersection  of  two  or  more  airways, 

the  waypoints  tixed  on  each  airway. 

Obviously,  the  arcs  represent  all  possible  connections  of  the  nodes. 

A  set  of  discrete  altitude  levels  is  also  associated  with  each  node  so  that  constraints  on  vertical  separation,  imposed  by  safety  re¬ 
quirements.  are  respected. 

As  for  the  representation  of  flights,  we  utilize  a  discrete  model  whose  trajectories  are  defined  by  the  set  of  nodes  subsequently 
crossed,  by  the  corresponding  altitude  levels  and  by  the  passing  times  on  each  node. 

In  this  model  we  don't  consider  the  dynamics  of  flights  between  two  following  nodes  and  within  the  terminal  area,  nevertheless, 
the  problem  solutions  are  forced  to  be  consistent  with  the  performances  of  airplanes. 


5.  MATHEMATICAL  MODEL 

In  this  section,  we  summarize  a  possible  mathematical  formulation  of  SCF.  The  interested  reader  can  find  complete  details  in 
1 14.  15j. 

In  particular,  the  problem  can  be  stated  as  an  optimization  problem  with  the  hypothesis  that  the  nodes  subsequently  crossed 
are  fixed  on  the  basis  of  the  nominal  flight  plan.  In  this  framework  one  must  determine  altitude  levels  and  passing  times  on  the 
trajectories  nodes,  so  that  an  appropriate  constraints  set  is  satisfied  and  a  cost  function  is  minimized. 

5.1.  Altitude  Constraint] 

First  of  all,  we  must  specify  the  set  of  altifude  levels  allowable  for  plane  i  in  each  node  k  of  the  trajectory.  Then,  we  must 
consider  that  a  speed  range,  consistent  with  the  performances  of  plane  i,  corresponds  to  each  allowable  level. 

In  such  a  way.  knowing  the  distance  between  two  subst  xuent  nodes  k  and  k,  we  can  determine,  for  each  speed  and  for  each 
level  h  of  k,  the  altitude  levels  reachable  in  k.  Among  these  levels,  we  will  only  consider  levels  satisfying  eventual  control  needs 
in  k  and/or  limitations  on  the  maximum  shifting  of  the  actual  altitude  level  from  the  nominal  one.  Therefore,  if  we  introduce 
binary  variables,  it  is  easy  to  express  in  a  mathematical  form  the  two  following  constraints 

plane  i  can  occupy  only  one  of  the  allowable  levels  of  node  k,  (1 ) 

if  plane  i  starts  from  a  level  h  of  k,  it  can  occupy  only  one  level  of  the  set  allowed  in  node  k.  (2) 

5.2.  Transit  time  constraints 

As  regards  to  transit  time  of  plane  i  on  node  k,  denoted  with  t^  .  we  must  distinguish  between  constraints  depending  on  planes 
performances  and  constraints  related  to  safety  standards  and  possible  restnnctions  of  traffic  flows  on  the  airways  network. 
Constraints  on  planes  performances  imply  that 

the  time  interval  of  plane  i  to  transit  from  node  k  to  node  k  has  a  maximum  and  minimum  value,  (3) 

as  regards  to  safety  constraints  and  possible  further  restrictions  caused  by  flow  control,  we  can  state  that 
if  two  planes  i.  rcross.subsequently.node  k  at  the  same  level,  they  must  have  a  minimum 

separation  time  an-' .  (4i 

An  exact  definition  of  transit  times  in  each  node  can  be  meaningless,  especially  for  those  nodes  far  from  the  initial  one.  To  improve 
this  model  it  can  be  convenient  to  associate  a  time  window,  consistent  with  plane  performances  and  assigned  standard  separations, 
with  each  plane  and  each  node  instead  of  a  transit  time. 

In  this  case  constraints  (3)  and  (4)  must  be  formally  modified. 
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5.3.  Objective  function 

We  may  consider  several  objective  functions.  The  first  possibility  is  to  minimize  total  delay  of  planes  m  the  control  region.  In 
this  case  the  objective  function  can  be  expressed  as 

J.  -  Z  a  t'  (6) 

1  if=l  k 1  k1 
,cl  f 

where  a‘  are  weight  coefficients  depending  on  the  class  of  plane  i  and  the  terminal  node  k#. 

s' 

In  particular.  seems  meaningful  in  the  terminal  area  where,  because  of  operational  reasons,  the  main  objective  is  to  minimize 
the  final  delay. 

When  we  consider  larger  airspace  regions,  we  must  also  take  into  account  the  cost  connected  with  deviations  from  the  nominal 
flight  profile.  In  this  case,  the  objective  function  could  be  expressed  as 


where 
I 

K‘ 

Tkh, 

The  first  term  of  (6)  represents  the  total  shifting  of  transit  times  between  couples  of  adjacent  nodes  from  the  corresponding 
times  in  the  fuel  minimum  consumption  profile,  the  second  term  represents  the  total  deviation  of  altitude  levels  from  the  nominal 
ones.  Therefore,  J2  could  be  utilized  as  a  cost  index  related  to  the  total  fuel  consumption. 

In  this  model  one  must  also  notice  that,  if  delay  costs  and  deviation  costs  from  the  nominal  flight  profile  were  evaluable  in  ho¬ 
mogeneous  quantitative  terms,  we  could  take  as  an  objective  function  J,  =  Jl  +  J2  ,  where  arrival  times  and  fuel  consumptions  are 
simultaneously  considered. 

On  the  basis  of  this  model  the  minimization  of  whichever  objective  function,  with  the  previous  constraints,  is  a  mixed  variables 
non  linear  optimization  problem. 


J,  =  £  I  j  J  2  .  2  .  a *  q‘  qiw  1 11  -  t*  -  r1  1  +  0*  1  2  ;  (q‘  -  q*  )  z.  1 
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represents  the  set  of  indexes  of  flights  in  the  region  considered  in  the  time  interval  (to ,  to  +  T], 
is  the  set  of  nominal  path  nodes  crossed  in  R  by  plane  i  in  the  time  interval  |  to,  to  +  TJ; 

are  bynary  variables  indicating  if  the  plane  i  occupies  or  not  the  level  h  of  node  k, respectively,  in  the  actual  path  and  in 
the  nominal  path; 

represents,  for  plane  1,  the  transit  time  from  level  h  of  node  k  to  level  j  of  the  subsequent  node  following  fuel  minimum 
consumption  profile, 

are  appropriate  weight  coefficients. 


6.  REALTIME  SOLUTION  ALGORITHM 

The  use  of  the  general  model  above  illustrated,  involves  several  computational  and  operational  difficulties.  In  fact,  mathematical 
complexity  increases  with  the  number  of  planes  to  be  controlled,  moreover,  the  provided  control  methodoloqy  may  conflict  with 
current  ATC  procedures.  With  regard  to  these  problems,  we  must  consider  that  the  suggested  control  philosophy  may  require,  for 
every  new  plane  entering  the  control  region,  an  intervention  on  all  planes  previously  planned.  Consequently,  this  could  involve 
heavy  operational  difficulties. 

To  partially  overcome  these  difficulties,  m  the  following,  we  shall  consider  a  simplified  model  of  SCF  based  on  the  hypothesis 
that  flights  planning  is  earned  out  according  to  the  F  |F0  (first  in,  first  Out)  discipline. 

More  in  detail,  wo  decide  that  planning  action,  for  each  new  plane  entering  the  control  region  is  carried  out  assuming,  as  con¬ 
straints.  the  flight  plans  of  airplanes  still  m  the  system.  This  hypothes.s.obviousfy,  reduces  solution  optimality,  but  d  reduces  also 
mathematical  complexity  (variables  relative  to  only -one  plane  must  be  taken  into  account!.  Moreover,  the  suggested  control  method 
becomes  consistent  with  the  current  ATC  procedures. 

On  this  basis  the  mathematical  model  can  be  simplified  by  considering  planning  only  one  plane  at  a  time. 

Since  minimization  of  J,  -  Jj  •  Jj  remains  a  problem  which  difficulty  increases  wdh  the  number  of  nodes  of  The  trajectory, 
n  the  following,  a  decomposition  algorithmic  procedure  of  the  control  problem  is  illustrated 

In  such  a  way.  m  general,  a  sub  optimal  solution  of  global  problem  can  be  obtained.  More  m  detail  the  solution  method  consists 
m  two  sequential  steps 

II  determine  a  solution  satisfying  constraints  M)  ^  <4)  and  minimizing  only  deviations  of  altitude  levels  from  the  nominal  ones. 

2)  for  the  levels  fixed  in  the  first  step,  determine  a  solution  satisfying  1  onstramts  (3)  and  (4)  and  minimizing  transit  times  devia¬ 

tions  from  the  those  relative  to  the  nominal  flight  path  (or  delay  on  Terminal  node). 

Thus,  we  obtain  two  different  sub  problems  that  can  be  denoted,  respectively,  as  "altitude  control"  and  "speed  control".  For 
both  these  problems,  'details  on  mathematical  models  and  solution  algorithms  can  be  found  m  ( 14,  15|.  In  the  following  we  recall 
•' ' * 1 1  y  the  mathematical  aspects  of  each  problem  and  the  techniques  utilized  to  solve  them. 

6.1  Altitude  Control 

The  "altitude  control",  corresponding  to  step  1).  is  an  optimization  problem  with  mixed  variables,  levels  and  transit  times 
tfc,  where  tk  are  not  present  <ri  the  objective  function,  but  only  m  the  constraints.  This  problem  can  be  suitably  formulated  and 
effectively  solved  by  a  branch  and  bound  technique.  In  this  step,  corresponding  to  each  feasible  solution  found,  a  sequence  of  con¬ 
sistent  time  windows  (one  for  each  level)  is  also  determined.  Thus,  a  sequence  of  transit  times  on  fixed  nodes,  satisfying  all  con¬ 
straints,  can  be  easily  defined. 
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6.2  Speed  Control 

This  problem  corresponds  to  the  problem  defined  in  step  2).  In  fact,  since  we  suppose  that  the  altitude  levels  are  the  nominal 
ones  or  those  computed  in  step  1),  the  control  action  carried  out  in  step  2)  is  equivalent  to  the  control  of  the  plane  speed.  The  pro¬ 
blem,  thus  stated,  is  a  linear  programming  one  with  mixed  variables.  To  solve  it  we  have  suggested  a  hybrid  algorithm  that  utilizes 
dynamic  programming  and  a  branch  and  bound  technique.  Dynamic  programming  is  used  to  transform  a  problem  with  mixed  va¬ 
riables  into  a  problem  with  only  discrete  variables.  The  latter  is  then  solved  by  an  enumerative  procedure. 

An  important  aspect  of  this  method  is  that,  since  no  discretization  of  the  continuous  variables  tk  is  necessary,  the  optimal  solu¬ 
tion  can  be  reached. 

Fig.  4  represents  the  basic  structure  of  the  algorithm  here  illustrated,  while  m  fig.  5  a  complete  scheme  of  route-time  profile 
generation  system  is  showed. 

f - 1 

,  AIRPLANE  | 

|  OPERATION  | 

I  REQUESTS  1 

I - 1 


NOMINAL  CONSTRAINTS 


Fig.  4 -STRATEGIC  CONTROL  ALGORITHM  STRUCTURE 
7.  COMPUTATIONAL  TESTS 

The  algorithm  previously  described,  has  been  implemented  on  a  UNIVAC  1100/82  computer  and  different  senes  o4  test*.  *  a.* 
been  performed.  More  in  detail,  in  a  first  step,  the  altitude  levels  have  been  determined;  subsequently,  transit  t»m»*  >n  ?►..  ;.»•  *  •• 
nodes  have  been  computed. 

With  this  approach  the  altitude  levels  and  the  consistent  time  windows,  determined  in  the  first  s»^p  a**-  >'  ■  ■  >s  ■ 

for  the  second. 

Numerical  tests  were  carried  out  by  considering  an  increasing  number  of  nodes  N  =  5,  10,  1h.  t  1  /!>  •■••••  *  ' 

For  each  test  the  values  of  all  parameters  have  been  chosen  uniformly  distributed  over  hm»t)  t*-'.,*  *  •  ,  • 
limits  to  ensure  reciprocal  consistency  and  operational  meaningful  ness.  The  results  are  fu»lv  *•  1  ' 

value  of  N,  the  most  significant  computation  times  are  indicated.  In  particular,  t  is  the  tim»  »  ■••  •  i* 
coincides  with  the  time  necessary  to  find  the  first  global  feasible  solution  tQ  is  the  it  .♦  * 

the  global  computation  time. 
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The  results  show  that  the  suggested  approach  can  be  used  to  solve  real-time  problems  until  the  number  of  nodes  of  trajectory 
is  less  than  20.  For  N  =  20  the  algorithm  behaviour  begins  to  look  unsatisfactory. 

However,  one  must  notice  that  commutation  times  strongly  depend  both  on  the  number  of  nodes  N  and  on  the  number  of  feasi¬ 
ble  windows  corresponding  to  the  various  levels.  This  indicates  that  the  tests  mostly  increasing  the  mean  computation  times,  are 
those  that  simulate  traffic  congestion  situations  which  happen  only  in  special  operational  conditions. 


Flfl.  5- ROUTE -TIME  PROFILE  GENERATION  SYSTEM 


8.  CONCLUSIONS 

To  sum  up  we  can  say  that,  even  if  different  meanings  are  associated  with  the  term  'strategic  control'  and  complete  studies  do 
not  exist, there  is  a  general  agreement  on  the  necessity  of  introducing  a  planning  function  in  ATC  systems  Presently,  the  main  ad¬ 
vantages  that  can  derive  from  a  strategic  control  approach,  are: 

-  reduction  in  overall  flights  delay; 

-  reduction  in  fuel  consumption; 

-  reduction  in  human  workload; 

-  increase  in  the  use  of  system  capacity; 

-  increase  in  system  safety. 

Regarding  the  first  two  issues  it  is  useful  to  point  out  that  the  strategic  function  may  allow  more  regular  traffic  flows  and  (ideally 

f  for  all  aircraft)  more  economic  flight  paths.  Consequently,  a  reduction  both  in  flight  delay  and  in  fuel  consumption  can  be  obtained. 

One  must  also  observe  that  a  significant  fuel  saving  can  result  from  a  reduction  in  holding  times.  In  fig.  6  some  fuel  consumptions 
,  figures  related  to  10-minutes  holding  are  shown.  Morevover  we  must  also  consider  that,  for  a  given  delay,  the  related  cost  dimini- 

;>  shes  the  more  its  forecasting  is  anticipated  (see  fig.  7). 

With  regards  to  human  workload,  strategic  control  can  reduce  the  work  of  controllers  and  pilots.  In  fact,  a  better  planning  of 

h 
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flights  and  the  possibility  of  automatic  generation  of  the  flight  profiles,  should  lead  to  a  reduction  in  tactical  interventions. 

A  better  exploitation  of  system  capacity  is  based  on  a  more  accurate  traffic  allotment  due  to  strategic  planning.  Moreover,  it  is 
worthwhile  remarking  that  all  the  described  phenomena  have,  directly  or  indirectly,  a  positive  effect  on  system  safety. 

A  quantitative  evaluation  of  the  whole  economical  advantages  which  can  come  from  the  introduction  of  strategic  control  has 
been  made  in  (7]  with  reference  to  annual  traffic  of  Los  Angeles  Airport  The  estimation  forecasts  a  saving  from  40  million  dollars 
(1972)  to  1,500  milliondollars  in  (1995). 


fuel  (kg) 


Flg.6  -  FUEL  PENALTY  RESULTING  FROM  A  IO-MIN  HOLDING. 
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Fig. 7 -COST  OF  DELAY. 


Nevertheless,  we  must  admit  that  the  implementation  of  a  strategic  control  function  is  not  easy  in  that  it  depends  on  numerous 
political,  technological  and  methodological  conditions. 

In  fact,  a  first  consideration  is  that  the  effectiveness  of  planning  action  is  as  much  significant  as  large  is  the  region  considered. 
From  this  follows  that,  generally,  controlled  air  space  interests  different  nations  and  requires  a  political  and  normative  coordination 
taking  into  account  different  air  space  characteristic  and  traffic  needs. 

With  regard  to  the  technological  aspects,  the  possibility  of  implementing  any  kind  of  planning  function  in  the  ATC  system,  as 
already  mentioned,  depends  on  the  development  of  the  subsystems  of  navigation,  communication,  surveillance  and  information 
processing. 

Finally,  as  far  as  the  methodological  aspects  are  concerned,  we  need  to  have  both  mathematical  models,  able  to  descrive  more 
adequately  the  system  behaviour,  and  reliable  solution  methods  that  use  optimization  techniques.  This  work  intends  just  to  help 
in  this  last  direction.  However,  a  real  use  of  the  developed  model  and  solution  algorithm  involves  preliminarily  an  adequate  testing 
in  the  operational  environment  and  also  a  careful  I  evaluation  of  the  human  aspects  in  that  strategic  control  involves  modifications 
in  the  duties  and  responsibilities  of  the  controllers  and  pilots. 
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ABSTRACT 


This  p< 


paper  describes  an  automated  air-traff 1c -management  concept  that  has  the  potential  for 
significantly  Increasing  the  efficiency  of  traffic  flows  In  high-density  terminal  areas.  The  concept's 
Implementation  depends  on  techniques  for  controlling  the  landing  time  of  all  aircraft  entering  the 
terminal  area,  both  those  that  are  equipped  with  on-board  four-d1mens1onaTT40)  guidance  systems  as  well 
as  those  aircraft  types  that  are  conventionally  equipped.  The  two  major  ground-based  elements  of  the 
system  are  a  scheduler  which  assigns  conflict-free  landing  times  and  a  profile  descent  advisor.  Landing 
times  provided  by  the  scheduler  are  uplinked  to  equipped  aircraft  and  translated  Into  the  appropriate  40 
trajectory  by  the  on-board  flight-management  system.  The  controller  Issues  descent  advisories  to 
unequipped  aircraft  to  help  them  achieve  the  assigned  landing  times.  Air  traffic  control  simulations 
have  established  that  the  concept  provides  an  efficient  method  for. control ling  various  mixes  of 
40-equlpped  and  unequipped,  as  well  as  low-  and  high-performance/aircraft.  Piloted  simulations  of 
profiles  flown  with  the  aid  of  advisories  have  verified  the  ability  to  meet  specified  descent  times  with 
prescribed  accuracy.  - 


1.  INTRODUCTION 

After  years  of  research,  automation  of  air  traffic  control  (ATC)  procedures  remains  a  distant 
goal.  While  much  progress  has  been  made  In  the  processing  and  d  splay  of  Information  for  controllers, 
the  major  decision  and  control  functions  Involved  In  managing  traffic  continue  to  be  done  In  the 
traditional  way  by  teams  of  controllers  who  work  without  significant  computer  assistance.  This 
situation  contrasts  sharply  with  the  situation  of  the  pilot  of  a  modern  aircraft  who  uses  numerous 
automated  systems  for  guidance,  control,  and  navigation.  Including  automated  flight-path  management. 

At  first,  problems  In  ATC  automation  often  do  not  appear  to  be  more  difficult  than  typical  aircraft 
guidance  and  control  problems  that  have  been  successfully  solved.  But  then,  after  some  promising 
Initial  successes,  unforeseen  problems  surface  and  reach  unmanageable  complexity  as  more  and  more 
practical  constraints  are  Included,  leading  to  the  eventual  abandonment  of  the  effort.  Yet  the  need  to 
Increase  safety,  capacity,  and  fuel  efficiency,  and  to  reduce  controller  workload  In  a  period  of  rising 
traffic  density  provides  a  continued  Impetus  for  developing  practical  solutions  to  ATC  automation 
problems. 

Much  of  the  difficulty  In  designing  automated  ATC  systems  stems  from  the  complex  and  ever-changing 
air  traffic  environment.  Whereas  controllers  usually  can  adapt  to  such  an  environment,  automated 
systems  have  so  far  lacked  the  flexibility  to  adapt  to  It.  For  example,  automated  systems  must  be  able 
to  handle  a  range  of  aircraft  types,  from  high-performance  Jets  to  low-performance,  general-aviation 
aircraft.  Furthermore,  the  systems  must  allow  future  aircraft  equipped  with  four-dimensional  (40), 
flight -management  systems  to  fly  their  optimized  flight  profiles  while  efficiently  controlling  aircraft 
with  conventional  avionics  (referred  to  as  unequipped  aircraft).  Finally,  the  systems  must  provide  an 
intelligent  Interface  so  the  decisions  of  the  automated  system  can  be  supervised  by  the  controller. 

This  paper  describes  an  automated  concept  for  traffic  management  In  the  terminal  area  that  has  the 
potential  for  meeting  the  design  objectives  and  constraints  Just  discussed.  The  design  evolved  from  a 
series  of  studies  In  40  guidance  and  ATC  simulations  conducted  at  NASA  Ames  Research  Center  during  the 
past  10  years.  The  viability  of  the  concept  hinges  on  techniques  which  accurately  control  the  landing 
times  of  all  aircraft  entering  the  terminal  area,  not  Just  40-equlpped  aircraft.  The  advantage  of  a 
system  base?  on  time  control  Is  that  It  provides  a  unified  framework  for  automating  flow  control  and  for 
scheduling  and  spacing  all  types  of  traffic.  Furthermore,  this  time-based  system  Is  ideally  suited  to 
exploit  the  time-control  capabilities  of  future  40-equlpped  aircraft,  whose  population  In  the  traffic 
mix  Is  expected  to  Increase  steadily. 

The  paper  begins  with  an  overview  of  the  concept,  followed  by  a  review  of  results  from  controller- 
interactive  simulations  of  an  Initial  design.  These  simulations  have  shed  light  on  the  question  of  how 
acceptable  the  various  automated  procedures  and  computer  aids  are  to  controllers  and  how  suitable  the 
concept  Is  for  controlling  a  mix  of  aircraft  (e.g.,  that  are  equipped  and  unequipped,  high  performance 
and/or  low  performance).  Finally,  the  design  and  the  plloted-slmulator  evaluation  will  be  described  for 
an  algorithm  for  controlling  the  landing  time  of  unequipped  aircraft— a  crucial  element  of  the  concept. 


2.  OVERVIEW  OF  TRAFFIC  MARABCKNT  SYSTEM 

Fig.  I  shows  the  major  elements  of  the  terminal-area-traffic-management  system  that  Is  being 
studied  at  Ames  Research  Canter.  The  two  major  ground-based  elements  of  this  system  are  primarily 
asked led  In  two  computer  algorithms  referred  to  as  the  scheduler  and  the  40  profile  descent  advisor. 

The  airborne  elements  are  aircraft  equipped  with  40  flight  management  systems  and  unequipped  aircraft. 

The  scheduler  generates  the  landing  order  and  the  conflict-free  landing  times  for  all  aircraft, 
both  40-equlpped  and  unequipped.  Rrlmery  Input  to  the  scheduler  Is  the  list  of  arrivals  and  their 
estimated  arrival  times  at  the  entry  point  Into  the  extended  terminal  area.  Entry  points,  also  known  as 
feeder  fixes,  generally  are  located  near  the  end  of  cruise  flight  just  prior  to  the  descent  point,  tdtlch 
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DESIRED  LANDING  TIME  ACCURACY:  '20  MC  LANDING  TIME  ACCURACY:  'Smc 


Fig.  1.  Terminal-area  traffic  management  system. 

Is  about  120  n.Nl.  from  the  destination  runway  for  conventional  Jet-transport  aircraft.  The  Host 
Important  factors  considered  by  the  scheduler  In  generating  efficient  landing  times  are  the  minimum 
separation  times  between  aircraft  and  the  landing-order  criterion,  as  exemplified  by  the 
f Irst-come-flrst-served  rule. 

The  minimum  time  separations  between  aircraft  are  derived  from  the  mlnlmue-dlstance  separation 
rules  specified  by  the  FAA  and  given  In  Table  1.  These  separation  rules  depend  on  aircraft  weight  class 
(small,  large,  and  heavy)  and  the  landing  sequence.  By  combining  the  data  In  Table  1  with  the  known 
speed  profiles  of  each  aircraft  weight  class  along  the  conmnn  final -approach  path,  the  matrix  of  minimum 
time  separation  (Table  1)  can  be  calculated.  If  two  consecutive  aircraft  are  40-equlpped,  the 
Interarrival  times  given  In  Table  1  are  used  directly  for  scheduling  purposes.  However,  unequipped 
aircraft,  which  cannot  achieve  specified  landing  times  as  accurately  as  4D-equ1pped  aircraft,  are  given 
additional  time  buffers  to  prevent  separation-distance  violations.  Further  discussion  of  this  subject 
can  be  found  In  Ref.  1. 

The  scheduler  Is  designed  as  a  real-time  expert  system  that  provides  for  efficient  Interaction  with 
a  human  controller.  The  controller  monitors  the  time  assignments  of  the  scheduler  on  a  graphics 
terminal  and  can  override  Its  ordering  and  tlme-asslgnawnt  decisions  by  using  a  small,  but  flexible, 
list  of  commands.  For  example,  controllers  can  delay  traffic  at  the  feeder  fixes  or  Increase  the  time 
separation  If  delays  are  being  encountered  in  the  terminal  area.  Also,  they  can  overrule  the  built-in 
f irst-come-flrst-served  rule  to  give  landing  time  priority  to  a  misted  approach  or  emergency  aircraft 
(Ref.  2). 

The  landing  times  generated  by  the  scheduler  are  handled  In  one  of  two  ways  depending  on  Miether 
the  times  apply  to  a  40-equlpped  or  unequipped  aircraft.  The  times  are  assumed  to  be  uplinked  auto¬ 
matically  to  equipped  aircraft  where  the  on-board  40  flight -management  system  translates  time  commands 
Into  the  appropriate  40-trajectory  commands.  The  autopilot  then  flies  the  aircraft  according  to  these 
coamiands,  achieving  a  landing-time  accuracy  of  about  ±5  sec  (Refs.  3,4). 


Table  1.  Distance-  and  time- separation  rules 


Trailing  Aircraft 


Minimum  separation  distance  (n.m)  1 

_ i 

Minimus  separation  time  (sec) 
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3 
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74 
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The  landing  times  for  the  unequipped  aircraft  constitute  the  primary  Input  to  the  40  profile 
descent  advisor  whose  algorithms  reside  In  the  ATC  host  computer  or  In  a  minicomputer  linked  to  the 
host.  By  using  ATC  radar-track Ing  data,  wind  profiles  and  aircraft  performance  models,  the  descent 
advisor  generates  simplified  40  trajectory  conaands  which  are  displayed  on  the  arrival  controller's 
monitor  as  brief  controller  advisories.  The  arrival  controller  then  Issues  the  advisories  to  the  pilot 
of  the  unequipped  aircraft.  When  the  pilot  properly  executes  these  advisories,  the  unequipped  aircraft 
will  arrive  at  the  designated  time-control  point  within  acceptable  error  bounds.  The  arrival-time 
accuracy  of  the  unequipped  aircraft  should  be  a  reasonably  small  fraction  of  the  minimum  interaircraft 
arrival  times  given  In  Table  1  In  order  that  the  benefits  of  a  time-based  system  be  fully  realized. 

This  requirement  led  to  the  choice  of  ±20  sec  as  the  desired  accuracy. 


3.  ATC  SIMULATIONS  OF  MIXED  TRAFFIC 

The  terminal-area  traffic-management  concept  described  in  the  previous  section  has  been  evaluated 
and  Its  design  refined  In  a  series  of  real-time,  controller-interactive,  ATC  simulations.  For  this 
purpose  an  extensive  set  of  software  tools  and  simulation  techniques  were  developed  to  permit  the  study 
of  time-based  ATC  concepts  under  reasonably  realistic  conditions.  Special  features  Incorporated  in  the 
simulator  Include  algorithms  for  on-board,  40-guidance  and  ground-based,  speed-advisory  systems  and 
Interactive  scheduling  logic  with  associated  graphics  displays  (Ref.  5). 

Examples  of  critical  Issues  that  have  been  addressed  In  simulations  are  the  following:  1)  Effect 
of  percentage  of  40-equlpped  aircraft  In  the  traffic  mix  on  controller  workload  and  landing  rate;  2) 
effectiveness  of  speed  advisories;  3)  controller  procedures  for  handling  40-equlpped  aircraft;  and  4) 
rescheduling  of  missed-approach  aircraft.  A  complete  discussion  of  simulation  results  can  be  found  In 
Refs.  2  and  6.  The  simulation  scenario  and  controller  procedures  will  briefly  be  described  first. 


3.1  Scenario  and  Controller  Procedures 

The  terminal  area  simulated  In  these  studies  Is  based  on  the  John  F.  Kennedy  (JFK)  International 
Airport  in  New  York.  The  route  structure  and  runway  configuration  together  with  Information  used  by  the 
controllers  are  shown  In  Fig.  2.  Two  routes,  Ellis  from  the  north  and  Sates  from  the  south,  are 
high-altitude  routes  flown  by  large  or  heavy  jet-transport  aircraft.  Both  4D-equ1pped  and  unequipped 
aircraft  on  these  routes  fly  profile-descent,  fuel -conservative  procedures,  providing  a  mix  of  the  same 
speed  class  on  the  same  route.  Low-performance  (general-aviation)  aircraft  fly  the  Deerpark  route  from 
the  east,  but  use  the  same  final  approach  and  land  on  the  same  runway  as  the  Jet  traffic.  The  Deerpark 
traffic  is  unequipped  and  always  constitutes  25*  of  the  traffic  mix. 

In  these  simulations  aircraft  entered  the  extended  terminal  area  at  the  feeder  fix  points  flying  at 
cruise  speed  and  altitude.  The  total  distance  to  be  flown  by  high-performance  Jets  was  120  n.ml.  and 
that  flown  by  low-performance  aircraft  was  60  n.ml.  Two  air  traffic  controller  positions  were  estab¬ 
lished,  arrival  control  and  final  control.  The  arrival  controller  controlled  aircraft  from  all  three 
feeder  fixes  and  transferred  traffic  to  the  final  controller  at  approximately  30  n.ml.  from  touchdown. 


13  :  27  :  12 

10  TVNB  NT  STA  OY  CAS 

N1  4  SA  3700  0 

11  M4  SA  3024  0 

U  Ml  OP  4131  -SO  IIS 

J1  U  BL  4300  30  200 

T1  4  SA  4420  0 

A2  HU  BL  4710  -00  220 

B2  U  SA  4020  120  200* 

ISO  HU  BL  S10S  100  ISO 


02  H4  SA  0047  2040 


Fig.  2.  Controller  display  showing  route  structure  and  flight -data  table. 
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Control  procedures  differed  for  40-equlpped  and  -unequipped  aircraft.  Controllers  were  Instructed 
to  monitor  the  progress  of  40-equlpped  aircraft  after  the  time  assignment  had  been  established,  and  to 
override  the  automated  scheduler  only  If  necessary  to  ensure  safe  separation.  Any  40-equlpped  aircraft 
could  also  be  controlled  by  conventional  methods  and  treated  as  unequipped.  Alternatively,  a  40- 
equlpped  aircraft  which  had  been  taken  off  Its  40  route  and  time  schedule  could  be  given  a  waypoint  to 
recapture  a  40  route  and  be  given  a  revised  landing  time.  Unequipped  aircraft  were  considered  to  be 
navigating  In  the  conventional  manner  via  very-high-frequency  omnidirectional  range  procedures,  with 
altitude  clearances,  radar  vectors,  and  speed  control. 

A  typical  arrival  controller  display  Is  shown  In  Fig.  2.  The  map  portion  of  the  display  provides  a 
horizontal  display  of  traffic  In  the  terminal  area.  Each  aircraft  position  Is  shown  by  a  triangular 
symbol.  A  block  of  data  next  to  each  aircraft  (not  shown  here  for  simplicity)  provides  aircraft 
Identification,  type,  altitude,  and  speed.  The  Information  In  the  flight  data  table  In  the  upper-left 
portion  of  the  display  Is  generated  by  the  scheduler  and  speed  advisory  system.  At  the  top  of  the 
table,  the  time  Is  shown  In  hours,  minutes,  and  seconds.  The  first  column  shows  the  aircraft  Identifi¬ 
cation  (10),  such  as  "Rl."  The  second  column  provides  aircraft  type  (TYPE)  which  includes  1)  weight 
category  (small  (S),  large  (blank),  or  heavy  (H)|;  and  2)  40  status  (equipped  (4)  or  unequipped  (U)). 

The  third  column  provides  the  assigned  route  (RT).  The  fourth  column  Is  the  scheduled  time  of  arrival 
(STA)  at  the  runway  In  minutes  and  seconds.  Thus,  R1  Is  scheduled  to  touch  down  at  13:37:00.  Note  that 
touchdown  times  are  shown  for  all  aircraft,  whether  they  are  40-equlpped  or  unequipped.  For  the  40- 
equlpped  aircraft,  these  times  are  assigned  by  the  ground-based  computer  system.  For  the  unequipped 
aircraft,  the  time  assignments  are  not  given  to  the  pilot  directly;  rather,  the  controller  uses  speed 
advisories  and  the  known- to-be-on-time  positions  of  4D-equ1pped  aircraft  as  they  traverse  their  routes 
to  achieve  touchdown  at  the  times  Indicated.  The  next  column  Is  the  expected  delay  (DY)  at  touchdown  In 
seconds.  In  an  effort  to  simulate  the  characteristics  of  the  current  en  route  ATC  system,  which  does 
not  provide  accurate  time  control,  the  unequipped  aircraft  were  assumed  to  depart  their  feeder  fixes 
with  an  Initial  time  error  uniformly  distributed  In  the  range  +120  sec.  This  amount  Is  considered 
rather  large  even  by  today's  controller  experience  and  certainly  will  be  less  with  a  future  en  route 
metering  system.  Thus,  If  an  aircraft  departed  the  feeder  fix  90  sec  late,  a  DY  of  90  would  be 
displayed.  Indicating  that  unless  controller  action  was  taken,  the  aircraft  would  touch  down  90  sec 
late.  Early  arrivals  were  Indicated  by  a  negative  value  In  the  DY  column,  and  late  arrivals  by  a 
positive  value.  All  40-equlpped  aircraft  departed  the  feeder  fix  at  the  scheduled  departure  time.  In 
flight  tests.  It  has  been  shown  that  40-equlpped  aircraft  can  meet  time  schedules  within  +5  sec;  hence, 
these  small  errors  were  neglected  (Refs.  3,7). 

The  data  in  the  last  column  give  the  calibrated  airspeeds  (CAS)  In  knots,  computed  by  the  speed 
advisory  system.  These  speed  advisories,  which  are  based  on  current  aircraft  position,  altitude,  and 
wind  profile,  help  the  controller  to  correct  the  unequipped  aircraft's  time  errors  shown  In  the  DY 
column.  The  speed  advisory  Is  recomputed  once  per  minute  using  the  current  aircraft  position  as  long  as 
the  delay  remains  larger  than  20  sec.  This  feature  gives  the  arrival  controller  the  freedom  to  Issue 
the  advisory  at  a  convenient  time. 

The  speed  advisory  Incorporated  In  the  ATC  simulation  Is  a  simplified  early  version  of  the  more 
recently  developed  descent-advisor  algorithm,  which  Is  detailed  In  a  later  section.  It  will  be  seen 
that  the  new  algorithm  also  provides  top-of-descent-polnt  and  Mach  number  advisories  In  addition  to  the 
CAS  advisory.  However,  for  Investigating  controller  response  and  other  ATC-related  issues  the  speed 
advisory  system  used  provides  a  sufficiently  realistic  substitute. 

Finally,  aircraft  below  the  dotted  line  In  Fig.  2  are  aircraft  which  will  enter  the  simulated 
control  region  at  their  respective  feeder  fixes  within  the  next  5  min.  The  feeder-fix  start  times  are 
given  In  minutes  and  seconds. 


3.2  Sumwary  of  Results 

The  traffic  mixes  examined  In  simulation  runs,  each  lasting  1.5  hr,  were  0*,  25%,  and  50%  40- 
equlpped  aircraft.  For  each  mix,  the  total  arrival  rate  from  the  three  approach  routes  was  selected  to 
generate  a  full  landing  schedule  with  no  excess  time  gaps  between  touchdown.  This  condition  required 
arrival  rates  that  varied  from  30  aircraft/hr  for  the  0%  or  baseline  mix  to  33  aircraft/hr  for  the  50% 
mix.  The  variation  Is  due  to  the  time  separation  buffers  added  for  the  unequipped  aircraft.  All  runs 
Included  the  +120- sec  feeder-fix  departure  errors  for  unequipped  aircraft. 

Controllers  rated  all  mixes  as  having  acceptable  workload,  but  considered  the  25%  mix  without  speed 
advisories  the  most  difficult  to  control.  This  result  was  probably  related  to  the  controller  procedures 
adopted  for  this  experiment  of  not  disrupting  the  planned  40  paths  of  the  equipped  aircraft  unless  It 
was  necessary  for  safety.  As  a  consequence,  the  final  controller  occasionally  vectored  an  unequipped 
aircraft  to  control  Its  distance  spacing  from  an  equipped  aircraft  when  he  would  have  preferred  under 
the  circumstances  to  vector  the  equipped  aircraft.  One  solution  to  this  problem  that  will  be  examined 
In  future  simulations  Is  a  relaxation  of  the  "do  not  disrupt"  rule.  Then,  after  vectoring  an  equipped 
aircraft,  the  controller  would  assign  a  new  40  route  and  landing  time  to  that  aircraft.  Some  experience 
with  this  approach  was  recently  obtained  In  handling  missed  approaches  of  equipped  aircraft  (Ref.  2). 

Controllers  regarded  the  baseline  mix  of  0%  as  reasonable  with  respect  to  control  difficulty,  but 
not  because  of  lightened  workload.  Rather  It  was  the  most  familiar  mode  of  operation.  The  controllers 
regarded  the  50%  mix  as  easiest  to  control. 

IMder  all  mix  conditions,  controllers  found  the  landing  order  provided  by  the  flight-data  table  In 
Fig.  2  to  be  helpful  and  generally  accepted  the  suggested  ordering.  But  they  did  not  make  use  of  the 
numerical  landing-time  data. 

Further  insight  Into  the  simulation  results  can  be  obtained  by  examining  the  composite  plot  of 
aircraft  ground  tracks  generated  during  a  I.S  hr  simulation  run.  Such  a  plot  Is  shown  In  Fig.  3a  for 
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(a)  2 St  40  equipped;  no  speed  advisories  for  unequipped. 


(b)  25*  40  etpjlpped;  speed  advisories 
for  unequipped. 


Fig.  3.  Composite  trajectories  from  ATC  simulation. 


the  25*  ml*  without  speed  advisories.  In  the  arrival  sector,  from  the>feeder  fixes  to  the  hand-off 
points,  the  fllghtpaths  are  largely  undisturbed.  Indicating  that  the  arrival  controller  acted  primarily 
as  a  traffic  monitor.  After  the  hand-off  points,  the  fllghtpaths  spread  Into  the  broad  envelope  which 
characterizes  manual  vectoring.  This  spreading  Is  the  result  of  the  final  controller  Issuing  heading 
vectors  that  cause  unequipped  aircraft  merging  from  the  three  routes  to  be  properly  spaced  on  final 
approach.  Although  the  arrival  controller  had  available  the  scheduled  landing  times  for  the  unequipped 
traffic,  he  could  not  use  this  Information  to  correct  spacing  errors  before  the  hand-off  point. 
Evidently,  aircraft  are  still  too  far  from  the  merge  point  for  the  arrival  controller  to  anticipate 
future  spacing  errors.  As  a  result,  control  difficulty  and  workload  were  unevenly  distributed  between 
the  two  control  positions,  with  the  final  control  position  requiring  higher  skill  and  greater  workload 
than  the  approach  control  position. 

A  composite  plot  for  the  25X-m1x  condition.  In  which  speed  advisories  were  used.  Is  shown  In  Fig. 
3b.  The  advisories  were  Issued  by  the  approach  controller  shortly  after  unequipped  aircraft  with  time 
error*  exceeding  20  sec  departed  the  feeder  fixes.  Typically,  only  one  advisory  was  Issued  per 
aircraft.  The  unequipped  traffic  was  handed  off  to  the  final  controller  with  significantly  reduced  time 
errors.  As  a  conscience,  the  final  controller  needed  to  make  only  minor  adjustments  In  the  fllghtpaths 
to  achieve  the  desired  spacing.  The  resulting  Improvement  In  the  traffic  flow  manifests  Itself  as  a 
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reduction  In  the  spread  of  fllghtpaths  along  all  three  routes.  Furthermore,  controllers  comnented  that 
speed  advisories  resulted  In  less  bunching  of  traffic  and  fewer  "ties'1  In  the  merging  area.  Traffic 
seemed  to  blend  together  smoothly  and  required  fewer  vectors,  resulting  In  reduced  complexity  of  control. 

The  50X  mix  with  speed  advisories  was  rated  by  controllers  as  providing  the  most  desirable  control 
environment  of  all  conditions  evaluated.  The  controllers  commented  that  It  was  easy  to  fit  the 
unequipped  aircraft  Into  their  planned  time  slots  by  vectoring  or  speed  control  In  the  final  control 
sector.  One  controller  stated  that  he  could  work  and  stay  on  top  of  the  traffic  without  being 
overtaxed.  These  favorable  controller  evaluations  are  reflected  In  the  well-ordered  and  narrowly 
distributed  composite-trajectory  plots  (Fig  3c)  obtained  for  this  simulation  run. 

In  conclusion,  the  procedures,  computer  assists,  and  Information  displays  used  In  these  simulations 
established  a  workable  baseline  configuration  for  efficiently  controlling  a  mix  of  4D-equipped  and 
unequipped  aircraft  in  a  time-based  environment. 


4.  DESIGN  AND  SIMULATION  OF  4D-PR0FILE-DESCENT  ADVISOR 

The  following  sections  present  the  theory  of  design  and  the  results  of  a  piloted  simulation  of  the 
descent  advisor  algorithm.  The  primary  topics  covered  In  the  discussion  of  the  design  Include  selection 
of  descent  procedures,  derivation  of  the  aircraft  equations  of  motion,  the  method  of  numerical 
Integration,  and  an  example  output  from  the  computer  Implementation  of  the  algorithm. 


4.1  Selection  of  Descent  Profiles 

The  trajectories  generated  by  the  descent-advisor  algorithm  are  based  on  models  of  fuel 
conservative  procedures  used  in  airline  operations.  In  such  procedures  the  pilot  first  selects  the 
point  of  descent  using  a  simple  rule  of  thumb  to  estimate  the  Idle-thrust  descent  distance.  A  rule 
frequently  used  by  pilots  assumes  300-ft  altitude  loss/n.mi.  Choosing  the  point  of  descent  so  as  to 
minimize  level  flight  at  low  altitude  Is  probably  the  pilot's  most  Important  decision  for  optimizing 
fuel  efficiency.  At  the  point  of  descent,  the  pilot  reduces  thrust  approximately  to  idle  and  at  the 
same  time  commands  a  pitch-down  attitude  so  as  to  hold  Mach  number  fixed  at  the  cruise  value.  Thrust 
may  be  kept  slightly  above  the  Idle  position  If  there  Is  a  requirement  not  to  exceed  a  descent-rate 
limit,  typically  3000  ft/mln.  During  this  constant  Mach  descent,  CAS  will  Increase  steadily.  When  CAS 
has  climbed  to  a  desired  value  the  pilot  ceases  holding  the  Mach  number  and  begins  tracking  the  desired 
CAS  through  appropriate  adjustments  to  the  pitch  attitude.  As  the  aircraft  approaches  an  altitude  of 
10,000  ft,  the  pilot  reduces  the  descent  rate  briefly  to  decelerate  to  250  knots  calibrated  airspeed 
( KC AS )  as  required  by  ATC  regulation.  If  the  initial  descent  point  had  been  selected  properly,  the 
aircraft  will  be  30  n.ml.  from  touchdown  at  the  end  of  the  deceleration  and  the  pilot  will  resume  the 
descent  into  the  terminal  area. 

The  primary  function  of  the  descent-advisor  algorithm  is  to  select  the  speed  profile  that  achieves 
the  arrival  time  specified  by  the  scheduler.  A  secondary  function  of  the  advisor  Is  to  provide  an 
accurate  estimate  of  the  point  of  descent  to  optimize  fuel  efficiency.  Later  it  will  be  seen  that  the 
algorithm  accomplishes  both  functions  In  a  unified  computational  procedure. 

The  algorithm  selects  the  speed  profile  with  the  help  of  a  parameter,  a  ,  which  determines  a  Mach 
number  and  CAS  that  falls  within  the  speed  envelope  of  the  aircraft  as  follows: 

M  ■  Mm1n  +  -  W  l  0  <  a  <  1  (1) 
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The  family  of  speed  profiles  generated  by  Eqs.  (1)  and  (2)  are  superimposed  In  Fig.  4  upon  the  speed 
envelope  of  a  727  aircraft.  Note  that  the  maximum-speed  boundary  contains  a  corner  at  25,000  ft  where 


TRUE  AIRSPEED,  knots 

Fig.  4.  Speed  profiles  for  time  control. 
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the  maximum  Mach  number  and  maximum  CAS  boundaries  Intersect.  The  family  of  speed  profiles  generated  by 
Eqs.  (1)  and  (2)  converges  Into  this  corner  as  o  approaches  1,  thereby  covering  the  full-speed 
envelope  of  the  aircraft. 

The  relationship  between  the  parameter,  a  ,  and  the  arrival  time  at  the  30  n.ml.  from  touchdown 
point  Is  not  amenable  to  a  closed-form  solution,  since  there  are  complex  aerodynamic,  propulsion,  and 
atmospheric  models  embedded  In  the  relationships.  Thus,  a  procedure  that  computes  o  Iteratively  has 
been  developed.  Initially,  the  procedure  calculates  the  minimum  and  maximum  arrival  times  by 
setting  o  to  one  and  zero,  respectively.  If  the  specified  time  falls  within  the  feasible  time  range. 
Iteration  on  o  by  a  directed  trial  and  error  technique  Is  begun  and  continues  until  the  arrival-time 
error  falls  within  acceptable  bounds  (for  example,  2  sec).  Experience  has  shown  that  five  Iterations 
are  generally  sufficient  to  achieve  a  2-sec  accuracy.  The  next  section  will  describe  the  equations  of 
motion  that  must  be  Integrated  for  each  Iteration  of  o.  (Ref.  4). 

For  reasons  of  brevity,  the  speed-profile  selection  process  just  described  has  been  considerably 
simplified  compared  to  the  method  actually  Implemented  in  the  computer  algorithm.  The  computer 
algorithm  Includes  a  more  complicated  mapping  of  o  Into  profiles  that  provides  an  appropriate 
transition  from  the  cruise  Mach  number  to  the  descent  Mach  number.  It  also  eliminates  constant  Mach 
segments  In  the  speed  profile  If  the  descent  CAS  Is  less  than  the  cruise  CAS. 


4.2  Equations  of  Motion 

Numerical  Integration  of  a  simplified  set  of  point-mass  equations  of  motion  has  been  adopted  as  the 
basic  method  for  calculating  the  descent  trajectory  and  arrival  time  corresponding  to  a  given  speed 
profile.  This  method  Is  computationally  intensive,  but  It  Is  more  flexible  and  more  accurate  than 
schemes  that  depend  on  analytical  approximations  or  precomputations  of  trajectories.  Here,  no  restric¬ 
tive  assumptions  on  pilot  procedures,  wind  profiles,  or  aircraft  performance  models  need  be  made  in 
calculating  trajectories.  Potentially,  it  would  even  be  possible  to  include  the  preferred  procedures  of 
individual  airlines  In  the  calculations  of  the  descent  trajectories. 


To  begin  with.  It  is  assumed  that  the  aircraft  is  flying  along  a  known  horizontal  path  In  space. 
Therefore,  the  problem  simplifies  to  finding  the  vertical  profile  along  the  known  horizontal  path. 
Furthermore,  the  horizontal  path  Is  assumed  to  be  a  straight  line,  though  It  Is  easily  modified  to 
Include  curved  segments.  Using  an  Earth-fixed  coordinate  system  with  x  as  the  horizontal  axis 
pointing  In  the  flight  direction  and  h  as  the  upward-pointing  vertical  axis,  the  components  of 
inertial  velocity  u  and  w  that  must  be  Integrated  are 


dx 

dt 


=  u  * 


VT  cos  ya  +  uw 


=  F, 


(3) 


VT  sin  Ya  s  F2 


where  Vr  Is  the  true  airspeed,  Y,  the  aerodynamic  flightpath  angle  and  u*  the  horizontal 
component  of  wind.  The  airspeed  acceleration  Is  calculated  from  the  following  equations: 


,  (T.  --91 

at  m 


du 

g  sin  ^ 


(4) 


(5) 


«VT  *  L  -  mg  cos  Ya  ■  0  (6) 


*diere  T  Is  thrust,  D  is  drag,  L  Is  lift,  m  is  aircraft  mass,  and  g  is  acceleration  of 
gravity.  The  approximation  In  Eq.  (6)  Implies  that  accelerations  normal  to  the  flightpath  are 
considered  to  have  negligible  effect  on  trajectory  modeling  for  this  application.  This  assumption  Is 
valid  for  the  low-g  maneuvers  encountered  In  commercial  transport  operations.  The  value  of  lift 
computed  by  solving  the  algebraic  Eq.  (6)  couples  into  Eq.  (5)  through  the  dependence  of  drag  on  lift. 
The  last  term  In  Eq.  (5)  reflects  the  Influence  of  a  time-dependent  wind,  also  known  as  wind  shear,  on 
the  airspeed  acceleration.  On  the  time  and  distance  scale  of  a  descent  trajectory  It  Is  reasonable  to 
assume  that  wind  shear  Is  only  encountered  during  changes  In  altitude.  Implying  the  relationship 
u„(h).  The  drag  coefficient  involved  in  calculating  the  drag  force  was  represented  by  seven 
fourth-order  polynomial  functions,  each  representing  a  different  Mach  number  In  small  Increments  from 
Mach  0.6  to  0.9.  Both  tables  and  polynomial  functions  were  used  to  model  the  thrust  and  the  fuel  flow 
as  a  function  of  engine-pressure  ratio  (EPR),  Mach  number,  temperature,  and  pressure.  Idle  thrust  and 
fuel  flow  were  stored  In  separate  tables  Indexed  by  Mach  number  and  altitude.  Such  aircraft  performance 
models  must  be  developed  for  all  major  aircraft  types  that  operate  Into  the  terminal  area  where  the 
descent  advisor  Is  used  to  provide  time  control. 


Another  important  quantity  that  the  descent  advisor  uses  In  computing  trajectories  Is  aircraft 
mass.  An  adequate  estimate  of  mass  can  be  calculated  from  a  knowledge  of  aircraft  type,  point  of 
origin,  and  takeoff  mass.  Such  Information  Is  generally  contained  In  aircraft  flight  plans  or  can  be 
obtained  from  the  pilot  at  take-off  time. 


4.3  Constant  Mach/Constant  CAS  Segments 

In  modeling  the  speed  profile  It  was  shown  that  pilots  maintain  either  a  constant  Mach  number  or  a 
constant  CAS  during  the  majority  of  an  aircraft's  descent  Into  the  terminal  area.  This  assumption  can 
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be  used  to  reduce  the  differential  equation  for  airspeed,  Eq.  (5),  to  an  algebraic  relation.  Conse¬ 
quently,  only  the  position  rates,  Eq.  (3)  and  (4),  need  to  be  numerically  Integrated  In  such  segments. 

Considering  first  the  constant  Mach  segment,  one  can  write  from  the  definition  of  Mach  number 

VT  -  a(h)M  (7) 

where  a  Is  the  speed  of  sound,  which  Is  a  function  of  altitude.  Differentiating  this  equation  with 
respect  to  time  and  using  the  fact  that  M  Is  constant,  yields 


da 

dh 


dh  M  da 
dt  ’  "  dh 


Vt 


(8) 


where  use  was  made  of  Eq.  (4)  and  sin  Y,  -  Ya.  After  replacing  the  left  side  of  Eq.  (5)  with  the  right 
side  of  Eq.  (8)  and  calculating  the  wind  shear  term  In  Eq.  (8)  as  du„/dt  =  (du„/dh)Y4VT ,  an 
explicit  expression  for  Y,  Is  obtained  as 


,  (T  -  0) 

1 

**M  constant  m 

(M  HK  VT  +  9  +  W  vt) 

where  the  small  angle  approximation,  sin  Y,  =  Y,  has  been  used.  For  a  constant  Mach  segment  at  a 
known  altitude,  all  quantities  needed  to  compute  Y,  are  either  known  or  measurable.  The  derivative 
da/dh  must  be  computed  by  differentiation  of  the  speed  of  sound  function.  If  this  function  is  obtained 
from  a  table  of  the  standard  atmosphere,  the  derivative  can  be  precomputed  numerically,  curve-fitted  for 
the  range  of  altitudes  of  Interest,  and  permanently  stored  for  use  by  the  program.  However,  the  most 
accurate  results  will  be  obtained  by  calculating  the  speed  of  sound  function  from  the  temperature 
profile  measured  at  the  time  and  location  of  the  descent.  Calculation  of  the  wind  shear  term, 
du./dh,  depends  on  knowledge  of  the  altitude-dependent  wind  profile  in  the  descent  airspace.  The 
descent  advisor  must  compute  the  derivative  numerically  and  update  the  derivative  whenever  the  wind 
profile  is  updated.  Thus,  each  terminal  area  where  the  descent  advisor  is  used  will  have  to  provide  for 
measuring  the  wind  profile  at  regular  Intervals  during  each  day.  Several  technical  means  exist  for 
measuring  the  wind  profile  including  the  use  of  conventional  weather  balloons.  (Ref.  8). 

Considering  next  the  constant  CAS  segment,  an  expression  for  Ya  can  be  derived  in  a  similar 
manner.  One  begins  by  writing  the  expression  relating  true  airspeed  and  CAS 


VT  =  VVCAS,h) 


(10) 


The  time  derivative  of  Eq.  (10)  yields  a  relation  analogous  to  that  for  the  constant  Mach  case 


dVT  dVT(VCAS,z) 
dt  “  dh 


sin  va 


(ID 


An  explicit  expression  for  Vt(Vcas  »h)  in  terms  of  V«s  >  the  speed  of  sound,  a,  and  the  atmo¬ 
spheric  pressure,  p,  can  be  derived  from  expressions  found  In  standard  textbooks  on  aerodynamics  and 
flight  mechanics  (Ref.  9) 


where  pa  and  Pa  are  sea-level  values  of  atmospheric  pressure  and  air  density,  respectively, 
and  y,,r  Is  the  specific  heat  of  air.  Since  atmospheric  pressure,  p,  and  speed  of  sound,  a,  are 
known  functions  of  altitude,  h,  the  expression  for  vT  in  Eq.  12  is  in  the  form  required  by  Eq. 

(10).  However,  the  complexity  of  Eq.  (12)  makes  It  Infeasible  to  compute  the  derivative  of  VT  with 
respect  to  h  analytically  for  use  in  Eq.  (11).  Therefore,  the  derivative  is  computed  by  a  standard 
numerical  technique. 

The  expression  for  the  fllghtpath  angle  In  the  constant  CAS  segment  can  now  be  obtained  by 
combining  Eq.  (S)  and  (11) 


a'CAS  constant 


(13) 


The  last  question  to  be  settled  In  computing  yt  Is  how  to  determine  the  thrust,  T,  in  the  two 
expressions  for  the  fllghtpath  angle.  In  a  conventionally  equipped  aircraft  pilots  hold  thrust  more  or 
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less  constant  during  descent  by  keeping  the  throttle  levers  at  their  Idle  position.  However,  if  the 

Idle  throttle  position  results  In  an  excessive  descent  rate  during  a  portion  of  a  descent,  the  pilot 

will  adjust  the  throttles  to  maintain  the  descent  rate  at  a  specified  limit.  Since  both  specified- 
thrust  and  specified-descent-rate  se^nents  can  occur  under  appropriate  conditions,  both  have  been 
implemented  and  the  choice  between  them  Is  determined  by  the  constraints  of  the  descent.  If  the  descent 
rate,  ti,  is  specified,  Y,  Is  computed  from  the  relation  Y,  s  (i/Vy  and  Eq.  (9)  and  (13)  are 
solved  for  the  unknown  thrust.  It  should  be  noted  here  that  a  pilot  cannot  easily  fly  a  comanded  value 
of  Y,  directly  because  no  readout  of  this  quantity  Is  provided  on  conventional  cockpit  instruments. 

It  Is  of  Interest  to  evaluate  the  effect  of  the  wlndshear  term,  (du„/dh)«VT  on  the  descent 

profile.  For  example,  a  decreasing  tall  wind  (duv/dh  >  0)  during  descent  results  In  a  Ya  that  is 

shallower  than  that  for  a  constant  wind.  Thus,  In  this  case,  the  descent  trajectory  experiences  an 
expansion  of  the  distance  to  descend  from  cruise  altitude.  The  opposite  effect  occurs  for  a  decreasing 
head  wind.  For  a  typical  wind  shear  of  2  knots/1000  ft,  the  calculated  distance  to  descend  from  35,000 
ft  to  sea  level  would  be  In  error  by  5  n.ml.  if  this  term  were  neglected. 


4.4  Integration  Algorithm 

A  fourth-order  Runge-Kutta  scheme  was  adopted  for  the  numerical  integration  of  the  trajectory 
equations  (Ref.  10).  This  scheme  gives  accurate  results  with  relatively  large  step  sizes  and  also  does 
not  require  evaluating  derivatives  of  the  complex  functions  appearing  on  the  right-hand  sides  of  the 
equations  being  integrated.  The  latter  property  simplifies  the  integration  of  functions  specified  in 
tabular  form.  For  the  constant  Mach  number  and  constant  CAS  segments,  which  constitute  the  majority  of 
the  descent,  only  Eqs.  (3)  and  (4)  need  to  be  integrated,  as  previously  explained.  Letting  At 
represent  the  time  increment,  then  the  states  (x1ai  ,  h(*i  )  at  the  (i+l)st  time  increment  are 
determined  from  four  sets  of  sequentially  computed  state  increments  as  follows: 


AjX^  *  (At)Fj(x.j,hj  ,  t^ )  (14) 

*1^1  =  (At)  VX1  *^1  ,t.j)  (15) 

*2xi  =  (a6)Fj(x^  +  "2  A^x^  +  Al^i At)  (16) 

A?h1  »  (At)F2(x,  +  |  A1x1,h1  +  |  A1h1,ti  +  |  At)  (17) 

a^x  j  -  (At)F1(x1  +  *2  a2x^  ,h^  +  ~2  Agh^  ,t^  +  ^  At)  (18) 

^3^1  ~  (4t)^x1  ?  Vi  *^1  ?  42^1  *^1  **"  "2  A^)  (18) 

a4x1  =  (At)F1(x1  +  A3x1,h1  +  A3hi,t1  +  At)  (20) 

A4h1  =  (At)F2(x1  A3x1,h1  +  A3h4  ,t4  +  At)  (21) 

x1+l  *  X1  +  ?  <Alx1  +  ZVl  +  Zi3x1  +  (ZZ) 

h1+l  *  hl  +  5  (Alhl  +  Zi2h1  +  Zi3h1  +  Vi)  (23) 


At  the  top  and  bottom  of  the  descents  rapid  changes  in  speed  occur,  and  neither  Mach  number  nor  CAS 
remain  constant.  During  these  acceleration  or  deceleration  intervals  it  is  also  necessary  to  integrate 
Eq.  (5)  representing  rate  of  change  of  airspeed.  The  Incremental  Eqs.  (14)  through  (23)  were  augnented 
appropriately  to  Integrate  this  equation. 
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The  Integration  time  Increment,  At,  was  experimentally  selected  to  be  as  large  as  possible  to 
consistently  give  accurate  and  numerically  stable  results.  The  optimum  step  sizes  were  60  sec  for  the 
constant  Mach/constant  CAS  segments  and  30  sec  for  the  acceleratlon/deceleratlon  segments. 


4.5  Example  Descent  Profile 

This  section  gives  an  example  of  a  complete  descent  profile  generated  by  the  program.  The  aircraft 
model  used  Is  that  of  a  727-200  weighing  140,000  lb  at  the  start  point.  Initially  the  aircraft  is 
cruising  at  Mach  0.8  and  35,000  ft  and  is  150  n.ml.  from  touchdown.  The  time-control  point  is  located 
30  n.ml.  from  touchdown  at  10,000-ft  altitude.  At  this  point  the  aircraft  must  have  completed  Its 
deceleration  to  250  knots.  A  descent  time  of  985  sec,  measured  from  the  150  n.ml.  starting  point  to  the 
end  of  the  deceleration,  is  specified.  The  wind  Is  assumed  to  be  zero  throughout  the  descent. 

The  synthesized  trajectory  consists  of  four  segments  whose  parameters  are  given  In  Table  2.  The 
first  segment  Is  a  level-flight  segment  leading  from  the  starting  point  to  the  point  of  descent  at  98 
n.ml.  from  touchdown.  The  second  segment  Is  a  Mach  0.8  descent  with  EPR,  which  controls  thrust,  set  to 
near  Idle  (approximately  1).  The  third  segment  begins  at  27,603  ft  where  Mach  0.8  corresponds  to  a  CAS 
of  320  knots.  In  this  constant  CAS  segment,  thrust  Is  held  at  Idle.  The  fourth  segment  consists  of 
deceleration  from  320  to  250  knots  at  10,000  ft.  The  last  line  of  data  In  the  fourth  segment  shows  that 
the  time  and  the  distance  to  touchdown  closely  match  the  specified  values.  Various  other  parameters 
relating  to  the  trajectory  synthesis  such  as  the  number  of  Integration  steps  In  each  segment  and  the 
fuel  consumed  are  also  Included  in  the  table. 

In  addition  to  achieving  the  specified  descent  time,  the  synthesized  trajectory  Is  also  relatively 
fuel  efficient,  requiring  only  1208  lb  for  all  four  segments.  Good  fuel  efficiency  Is  assured  by  the 
combined  benefits  of  an  Idle-thrust  descent  and  the  choice  of  descent  point  that  results  In  the 
termination  of  the  trajectory  exactly  at  the  specified  altitude  and  distance  from  touchdown. 


4.6  Piloted  Simulator  Evaluation:  Experimental  Setup 

An  evaluation  of  the  descent  advisor  concept  was  conducted  on  a  so-called  phase  II  simulator  of  a 
727-200  aircraft  located  In  the  Man-Vehicle  Systems  Research  Facility  at  Ames  Research  Center.  This 

Table  2.  Example  of  synthesized  profile 


Conments 

B 

01st. 
(n.  ml.) 

Altitude 

(ft) 

Mach 

VT 

(knots) 

(knots) 

EPR 

Thrust 

(lbs) 

Fuel 

(lbs) 

Alt  Rate 
(ft/mln) 

Cruise,  two  Integration  steps 

Step  size  ■  500  sec 

0.0 

35000 

0.80 

461 

272 

1.95 

9824 

0 

0 

Capture  «  98.4  n.  ml 

402.5 

Sifl  | 

35000 

0.80 

461 

272 

1.95 

9824 

867 

0 

Constant  Mach, 

four  Integration  steps 

Step  size  ■  60  sec 

402.5 

98.4 

35000 

0.80 

461 

272 

1.06 

1597 

867 

0 

Mach,  constant 

462.5 

90.6 

0.80 

467 

291 

1.09 

2173 

906 

-3000 

Vertical  speed,  constant 

522.5 

82.8 

0.80 

473 

310 

1.13 

2945 

954 

-3000 

Capture  ■  320  KCAS 

79.1 

27603 

0.80 

476 

319 

1.14 

3363 

981 

-3000 

Constant  CAS, 

nine  integration  steps 

Step  size  *  60  sec 

Eii] 

79.1 

27603 

0.80 

476 

319 

1.00 

73 

981 

-3000 

CAS,  constant 

■iMf  I 

71.4 

24665 

0.76 

455 

319 

1.00 

-148 

1008 

-2912 

EPR,  constant 

670.4 

63.9 

21781 

0.72 

436 

319 

1.00 

-301 

1035 

-2854 

Capture  »  10,000  ft.  alt. 

730.4 

56.8 

18952 

0.68 

418 

319 

1.00 

-377 

1063 

-2807 

790.4 

50.0 

16172 

0.64 

402 

319 

1.00 

-353 

1092 

-2752 

850.4 

43.4 

13448 

0.61 

386 

319 

1.00 

-316 

1124 

-2693 

910.4 

37.1 

10785 

0.58 

372 

319 

1.00 

-297 

1160 

-2637 

928.4 

35.2 

9999 

0.58 

367 

319 

-299 

1172 

-2621 

Bottom-of -Descent  Deceleration, 

three  Integration  steps 

Step  size  •  30  sec 

928.4 

35.2 

9999 

0.58 

367 

m 

-299 

1172 

0 

Mach,  CAS  not  constant 

958.4 

32.3 

9999 

0.51 

324 

e8 

-125 

1191 

Vertical  speed,  constant 

986.5 

30.0 

9999 

0.45 

288 

KB 1 

17 

1208 

EPR,  constant 

mm 

Capture  •  250  KCAS 
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simulator,  manufactured  by  Singer-Link,  is  widely  used  by  airlines  for  crew  training.  The  simulator  Is 
equipped  with  a  slx-degree-of-freedom  motion  system  and  a  night/dusk  vision  system.  Computer-generated 
imagery  of  the  night  or  dusk  scene  is  displayed  in  front  of  the  cockpit  windows  by  four  projectors  which 
give  a  wide,  high-resolution  field  of  view  to  the  pilot  and  copilot. 

Each  simulated  flight  consisted  of  a  straight-in  approach  beginning  150  n.ml.  from  the  runway 
threshold  at  an  altitude  of  35,000  ft  and  a  speed  of  Mach  0.8.  In  all  flights  a  tail  wind  of  70  knots 
at  35,000  ft  decreasing  linearily  to  zero  at  the  runway  was  simulated.  Simulated  weather  conditions 
consisted  of  a  visibility  celling  of  1000  ft  above  the  runway,  with  tops  at  5000  ft  and  light  turbulence 
at  all  altitudes.  Pilots  were  briefed  on  wind  and  weather  conditions  prior  to  the  simulation  runs. 

Test  subjects  were  three  current  727  pilots,  one  each  from  three  major  U.S.  airlines.  Initially, 
each  pilot  was  asked  to  fly  his  own  airline-recommended  descent  profile,  which  will  be  referred  to  as 
the  baseline  profile.  The  three  pilots  chose  essentially  the  same  baseline  profile,  consisting  of  a 
Mach-0. 8/280-KCAS  descent.  Each  pilot  also  estimated  his  top-of -descent  point  using  the  300  ft/ml  rule 
of  thumb  mentioned  earlier.  Range  to  touchdown  was  provided  by  a  standard  cockpit  readout  of  distance 
measuring  equipment  (OME)  range  from  a  station  located  at  the  destination  airport.  All  baseline 
profiles  were  flown  without  ATC  advisories. 

After  completing  the  baseline  descents,  the  pilots  flew  three  types  of  controller-assisted  descents 
referred  as  nominal,  slow,  and  fast  with  speed  profiles  of  Mach  0.8/320  KCAS,  230  KCAS,  and  Mach 
0.85/350  KCAS,  respectively.  Note  that  the  slow  and  fast  profiles  follow  the  limits  of  the  speed 
envelope  for  this  aircraft  (Fig.  4). 

Before  flying  these  profiles  in  the  simulator,  pilots  received  brief,  written  Instructions  on 
operational  techniques  to  be  used: 

1)  Thrust  Management.  -  The  flight  idle  position  is  to  be  used  in  tracking  the  speed  profile 
unless  the  descent  rate  exceeds  3000  ft/m In.  If  such  is  the  case,  add  only  sufficient  thrust 
to  keep  the  descent  rate  from  exceeding  3000  ft/min. 

2)  Deceleration  at  the  Top  (Slow  Profile).  -  First,  reduce  thrust  to  idle  at  the  descent- 
procedure  start  point;  second,  maintain  level  flight  (zero  descent  rate)  while  decelerating  to 
the  specified  CAS;  and  third,  begin  the  descent  as  the  specified  CAS  is  approached. 

3)  Acceleration  at  the  Top  (Fast  Profile).  -  At  the  descent-procedure  start  point  (the  top  of 
descent  point  Tn  this  case)  initiate  a  pitch-down  maneuver  to  achieve  a  3000-ft/min  descent 
rate.  Then,  maintain  cruise  thrust  while  accelerating;  as  the  specified  Mach  number  Is 
approached,  reduce  thrust  according  to  1). 

4)  Deceleration  at  the  Bottom  of  Descent  (Nominal  and  Fast  Profiles).  -  As  the  aircraft 
approaches  10,000-ft  altitude,  decelerate  to  250  KCAS  in  level  flight  and  with  thrust  still  at 
idle;  resume  descent  at  the  30  n.ml.  to  the  touchdown  point. 

The  descent  advisories  were  Issued  during  the  simulation  by  a  pseudo-controller  located  at  the 
engineer's  position  in  the  cockpit.  The  advisories  were  issued  only  once  approximately  a  minute  before 
the  start  point  of  the  procedures  and  specified  the  DME  range  of  the  start  point  and  the  speed  profile. 
Calculated  off-line  by  the  previously  described  computer  program,  the  advisories  typically  contained  the 
following  information,  "Begin  descent  procedure  at  108  DME;  follow  a  Mach  0.8/320  speed  profile  using 
idle  thrust." 

Each  type  of  controller-assisted  descent  was  flown  four  to  six  times.  These  few  simulation  runs 
are  believed  to  provide  sufficient  information  to  determine  the  feasibility  of  the  concept.  However, 
they  are  too  few  in  number  to  warrant  extensive  statistical  analysis  of  the  results. 


4.7  Oiscussion  of  Results 

Errors  in  the  predicted  time  of  descent  measured  at  the  time-control  point  were  the  principal 
criterion  for  evaluating  the  effectiveness  of  the  controller-assisted  (and  computer-generated)  profile 
descent  advisories.  Also  the  instantaneous-altitude  and  time-tracking  errors  as  well  as  the  fuel 
efficiency  of  the  descents  provide  important  measures  of  effectiveness.  Finally,  the  pilots 
participating  in  the  simulation  were  asked  to  conment  on  the  value  and  acceptability  of  the  advisories. 
This  simulation  focused  on  isolating  errors  attributable  to  pilot  technique.  Errors  caused  by  other 
sources  such  as  wind  and  aircraft-model  uncertainties  can  be  determined  more  efficiently  by  analysis  and 
fast-time  simulation,  and  therefore  are  not  addressed  here. 

The  results  for  the  various  types  of  descents  are  given  in  Figs.  5  through  8  as  composite  plots  of 
time  and  altitude  versus  range  to  touchdown.  Figure  5  shows  the  composite  plots  for  four  baseline 
descents.  Although  all  pilots  presumably  used  the  same  procedure  to  fly  their  profiles,  the  data 
revealed  significant  time  and  altitude  variations  between  profiles,  reflecting  differences  in  individual 
pilot  technique.  At  30  n.ml.  from  touchdown  time-control  point,  the  variability  in  time  is  196  sec. 
Here,  variability  is  defined  as  the  difference  between  the  earliest  and  latest  arrival  time  for  all 
profiles  of  a  particular  type  and  is  used  as  a  conservative  substitute  for  standard  deviation. 

Since  the  typical  landing-time  Interval  between  aircraft  is  approximately  100  sec  (Table  1),  a 
196-sec  error  range  Implies  difficulties  In  achieving  efficient  traffic  flow  at  terminal  areas  where  two 
or  more  streams  of  aircraft  flying  unaided  profile  descents  are  merged.  Thus,  unaided  aircraft  assigned 
conflict-free  time  slots  at  the  top  of  descent  by  an  en-route  metering  system  would  accumulate 
unacceptable  time  errors  during  the  descent,  and  would  therefore  not  be  conflict  free  at  the  merge 
point.  As  a  result,  the  controller  would  frequently  have  to  interrupt  the  profile  descents  to  resolve 
potential  conflicts  and  ensure  efficient  traffic  flow.  Such  problems  have  Indeed  been  experienced  in 
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Fig.  5.  Baseline  descents. 

Fig.  6. 

Nominal  descents:  0.8/320. 

Fig.  7.  Fast  descents:  0.84/350.  Fig.  8.  Slow  descents:  230. 


ATC  simulations  of  unaided  profile  descents  (Ref.  11)  and  are  also  evident  In  the  results  of  the  ATC 
simulations  discussed  earlier. 

As  shown  In  the  composite  plots  In  Fig.  6,  the  time  variability  of  the  nominal  profile  descents, 
flown  with  the  aid  of  the  descent  advisories,  is  reduced  from  196  sec  for  the  baseline  descents  to  only 
35  sec.  Furthermore,  the  scatter  In  the  altitude  profiles  Is  significantly  reduced  throughout  the 
descent.  The  predicted  trajectory  with  an  arrival  time  of  893  sec  at  30  n.ml.  Is  also  plotted  In  Fig. 

6,  but  Is  difficult  to  distinguish  from  the  simulated  trajectories  because  of  crowding  of  the  plots. 
These  Improvements  In  accuracy  clearly  demonstrate  the  advantage  of  using  the  advisories.  With  the 
top-of-descent  point  specified,  pilots  could  concentrate  on  tracking  the  speed  profile  and  needed  to  pay 
little  attention  to  thrust  and  altitude  management.  Without  advisories,  pilots  often  cross-check 
altitude  and  range  and  then  readjust  the  thrust  so  as  to  minimize  anticipated  altitude  errors  at  the 
bottom  of  the  descent.  With  the  advisories,  pilots  could  maintain  thrust  at  idle  throughout,  and  yet  be 
confident  that  the  altitude  target  at  30  n.ml.  would  be  achieved. 

As  seen  In  the  composite  plots.  Figs.  7  and  8,  the  time  variability  and  the  altitude  scatter  of  the 
fast  and  slow  profiles  are  even  lower  than  those  of  the  nominal  profile.  In  fact,  the  slow  profiles 
have  the  unusually  low  variability  of  only  7  sec,  which  one  would  expect  to  obtain  only  from  a 
closed-loop  40  guidance  system.  This  high  accuracy  Is  probably  related  to  the  fact  that  they  are 
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stapler  to  fly  than  the  other  two  types  of  profiles.  The  slow  profiles  are  flown  at  a  constant  CAS  and 
-  do  not  contain  a  constant  Mach  segment.  Furthermore,  they  can  be  flown  entirely  at  Idle  thrust,  since 

they  never  exceed  the  3,000-ft/«1n  descent  rate  as  the  other  two  do  during  portions  of  their  descent. 
Another  simplification  Is  the  absence  of  a  deceleration  segment  at  the  bottom  of  the  descent.  One  can 
conclude  from  these  results  that  procedural  complexity  has  a  strong  Impact  on  time-control  accuracy  and 
should  be  carefully  considered  in  choosing  the  descent  profiles. 

Time  accuracy  and  fuel  efficiency  of  the  predicted  and  simulated  profiles  at  the  30  n.ml.  point  are 
sumurlzed  In  Table  3.  By  comparing  the  first  and  second  columns  It  can  be  seen  that  all  predicted 
times  fall  within  the  corresponding  time  ranges  of  the  simulated  profiles.  This  comparison  Indicates 
that  there  is  no  significant  bias  between  the  predicted  and  simulated  data. 

The  averge  fuel-consimg>t1on  data  given  in  Table  3  show  that  the  slow  profile  Is  the  most  fuel 
efficient  and  the  fast  profile  the  least  fuel  efficient.  The  nominal  profile,  though  considerably  faster 
than  the  baseline  profile,  consumes  only  slightly  more  fuel  (17  lb)  on  averge  than  the  baseline  does. 
Thus,  the  trade  off  between  time  and  fuel,  so  Important  In  airline  operations,  favors  choosing  the 
nominal  profile.  However,  the  profile  actually  assigned  to  an  aircraft  by  the  air  traffic  scheduler 
will  depend  on  the  availability  of  a  conflict-free  time  slot  at  the  time  of  descent. 

In  addition  to  tests  of  the  tail-wind  condition  reported  herein,  head-wind  and  zero-wind  conditions 
have  recently  also  been  tested.  Preliminary  analysis  Is  yielding  results  that  are  generally  consistent 
with  the  tail-wind  conditions.  Also,  the  time  variability  between  the  30-n.ml.  point  and  touchdown  was 
investigated  for  both  a  straight-in  and  a  standard-approach  pattern,  the  latter  consisting  of  downwind, 
base,  and  final  segments.  Analysis  of  results  for  these  conditions  Is  still  In  progress. 

Pilots  participating  in  the  simulation  generally  reacted  favorably  toward  the  profile-descent 
advisory  concept.  The  pilots  cited  as  the  primary  benefit  the  accurate  specification  of  the  top-of- 
descent  point  In  the  presence  of  complex  altitude-dependent  wind  profiles.  Moreover,  the  pilots 
considered  the  advisories  as  unobtrusive  and  all  profiles  as  comfortable  to  fly. 

The  experience  of  this  study  has  Identified  the  following  three  guidelines  for  achieving  accurate 
time  control.  First,  descent  procedures  provided  by  advisories  should  be  simple  to  execute  and  familiar 
to  pilots.  Second,  aircraft  performance  and  atmospheric  conditions  should  be  accurately  represented  in 
the  advisor  algorithm.  Third,  pilots  should  be  briefed  on  the  characteristics  of  the  advisories  and  the 
requirement  to  execute  them  accurately. 

The  time  accuracies  achieved  In  the  simulation  would  be  adequate  for  a  time-based  ATC  system  if 
they  could  be  duplicated  In  practice.  However,  uncertainty  In  the  knowledge  of  the  actual  wind  profile 
and  Inevitable  lapses  in  pilot  attention  to  the  profile  tracking  task  will  result  In  larger  errors  than 
obtained  In  the  simulation.  One  can  attempt  to  estimate  such  time  errors  from  analysis  of  ATC  radar 
>'  tracking  data  during  an  aircraft's  descent.  Then,  an  updated  speed  advisory  can  be  Issued  near  the 

midpoint  of  the  descent  to  minimize  these  errors.  With  the  addition  of  such  a  midpoint  advisory, 
control  of  arrival  time  within  +20  sec  appears  to  be  feasible. 


Table  3.  Sunmary  of  simulation  results,  time  (sec)  and  fuel  (lb) 
to  30  n.ml.  to  touchdown  point 


Type  of  Profile 

Time 

Predicted  by 
Algorithm 

Range  of 
Times;  Time 
Variability  (  ) 

Average 

Fuel  Use 

Range  of 
Fuel  Use;  Fuel 
Variability 

Baseline 

H  0.8/280  KCAS 
without  profile 
advisories 

— 

890-1084 

(196) 

1065 

945-1145 

(200) 

Nominal 

M  0.8/320  KCAS 
top  of  descent: 

108  n.ml. 

893 

880-915 

(35) 

1082 

1064-1098 

(34) 

Fast 

M  0.84/350  KCAS 
top  of  descent: 

107  n.  ml. 

863 

854-871 

(17) 

1175 

1169-1183 

(14) 

Slow 

230  KCAS 
top  of  descent: 

133  n.ml. 

1104 

1098-1104 

(7) 

771 

764-778 

(14) 
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S.  CONCLUDING  REMARKS 

Studies  completed  to  date  Indicate  the  essential  feasibility  of  achieving  the  major  performance 
objectives  of  a  time-based,  traffic-management  concept.  Air  traffic  control  s lew  1 at Ions  have 
demonstrated  that  a  time-based  system  used  In  conjunction  with  appropriate  procedures,  computer  aids, 
and  Information  displays  provides  an  efficient  method  for  controlling  a  complex  mix  of  traffic, 
including  both  high-  and  low-performance  aircraft  as  well  as  various  percentages  of  AO-equipped  aircraft. 

Time  control  offers  significant  benefits  even  at  low-percentage  mixes  of  equipped  aircraft  by  using 
advisories  to  help  maintain  unequipped  aircraft  on  an  accurate  time  schedule.  Thus,  traffic  In  the 
complex  final-control  sector  flows  more  orderly  and  Is  easier  to  control  when  time  control  methods  arc 
In  use.  Although  the  system  operates  internally  In  a  time-based  node,  controllers  need  not  be  aware  of 
this  situation  and  retain  the  ability  to  operate  In  their  traditional  distance-spacing  mode. 

Piloted  simulations  have  demonstrated  the  effectiveness  of  profile-descent  advisories  to  control 
the  descent  time  of  unequipped  aircraft.  An  accuracy  at  the  time-control  point  of  +20  sec,  rfilch  a 
time-based  system  needs  to  be  effective,  appears  attainable  with  the  descent  advisor  designed  according 
to  the  methods  outlined  in  the  paper. 

A  combined  ATC  and  plloted-slmulatlon  test  of  the  concept  Is  planned  for  1987.  If  these  tests 
confirm  performance  predictions,  the  F AA  and  NASA  plwi  jointly  to  conduct  operational  evaluations  of  the 
concept  at  the  Denver  En-Route  Air  Traffic  Control  Center. 
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Summary:  This  ptptr  sumaarlzes  tne  objectives  of  tM  U.S.  program  for  applying  autoaatlon 
to  aTr traffic  control  systems,  progress  thus  for,  and  plant  for  tna  future. 

Introduction  — ' " 

Since  tne  time  In  19S6  unen  coaputtrt  were  flrtt  used  to  print  flignt  strips  In  tne  United  States  at 
a  small  neater  of  Air  Traffic  Control  (ATC)  centers.  It  ms  been  a  continuing  objective  to 
capitalize  on  tne  rapidly  evolving  coaputer  tecrmologles  to  laprove  tne  ATC  systea.  Our  specific 
objectives  nave  been  to  apply  coaputers  and  tne  associated  autoaatlon  functions  to: 

laprove  safety  of  ATC  operations 

increase  tne  efficiency  of  traffic  aanageaent,  and 

Increase  tne  productivity  of  ATC  controllers. 

Tne  basic  pnilosopny  underlying  our  plans  for  applying  autoaatlon  to  tne  ATC  systea  nas  been  to  aove 
as  rapidly  as  practical,  but  to  acknowledge  tnat  tne  evolution  of  ATC  autoaatlon  functions  will  oe 
paced  by: 


tne  capacity  Maltatlons  of  ATC  coaputers  already  Installed  In  tne  field,  until  tney  can  oe 
replaced  ultn  nlgner  capacity  aacnines 

tne  quality  and  accuracy  of  Input  data  suen  as  radar,  winds  aloft,  and  severe  weatner  areas 

tne  nonunifora  and  relatively  slow  rate  of  equlppage  of  aircraft  ultn  advanced  avionics 
suen  as  Node  S  transponders,  data  link,  alcrouave  landing  system ,  and  flignt  aanageaent 
coaputers,  and 

tne  coaplealty  of  tne  design  and  developaent  process  for  advanced  levels  of  autoaatlon 
unlcn  significantly  alter  tne  work  environment  and  functional  responsibility  of  controllers. 

Tne  pace  of  autoaatlon  applications  nas  been  slower  tnen  aany  would  wlsn;  but  tnls  does  not  dlalnlsn 
tne  eapectatlons  tnat  In  tne  long  tera,  tne  ground-based  ATC  coaputers  will  assuae  a  greater 
responsibility  for  traffic  flow  planning,  traffic  aanagesuHit,  and  assurance  of  safety.  In  our  view. 
It  Is  Inevitable  tnat  tne  ground-eased  ATC  systea  coaputers  will  eventually  be  linked  to  tne 
airborne  coaputers  via  data  link  to  accoaplisn  tne  Information  transfers  on  flignt  planning,  traffic 
advisories,  and  ATC  clearances. 

Steps  Tnus  Far  In  ATC  Automat Ion  In  tne  U.  S. 

Tne  review  of  tne  progress  to  date  of  ATC  automation  In  tne  United  States  illustrates  a  partial 
acnleveaent  of  our  objectives. 

Tne  Initial  use  of  coaputers  In  tne  late  IKO's  and  early  19d0‘s  was  to  process  and  distribute 
flignt  plan  data  aaong  control  centers.  Tills  step  substantially  reduced  tne  manpower  required  for 
tnis  function  and.  In  addition,  laproved  tne  accuracy  and  tlaeliness  of  flignt  plan  data 
distribution. 

Tne  next  aajor  step  In  tne  ald-1970's  was  to  process  and  track  digitized  radar  input  data,  and 
display  aircraft  locations  ultn  Identity  tags  on  controllers  radar  displays.  Conformance  of 
controlled  aircraft  wltn  tneir  flignt  plans  was  aonttored  automatically.  Fortner,  flignt  plan  data 
were  processed  and  flignt  progress  strips  were  distributed  automatically  to  radar  control 
positions.  Tne  resulting  Improvement  In  controller  productivity  was  estimated  to  ee  approximately 
10-1$  percent  and  tne  safety  laprovemnts  were  substantial  due  to  positive  identification  and 
accuracy  of  dlsplayod  aircraft  track  Information. 

Additional  safety  improvements  come  In  tne  late  1970's  wltn  track-eased  aw torn ted  conflict  alert  and 
ainlaws  safe  altitude  warning.  Tnese  functions  nave  contributed  greatly  te  increased  safety. 

I  Mean  tna  cost  of  fuel  increased  dramatically  In  tne  early  t goo's,  aapnatlt  in  automation  development 

f  swifted  te  tne  national  flow  control  system,  tmpravomonts  ware  made  tn  tne  automation  functions 

unlcn  calculate  expected  demand  for  congested  airports,  estebtlsn  arrival  sequences  and  senedwtes 
for  arriving  atreraft,  and  snlft  necessary  delays  from  airborne  no ids  te  ground  nelds  at  departure 
f  airports.  Efficiency  as  aeasurod  by  reduced  alraerae  delays  and  fuel  consumption  nas  significant. 
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ty  tft«  •Id-1980'*  development  of  additional  safety  related  automation  function*  ms  completed,  but 
tno  computer  capacity  1 laltltatlon*  of  tno  Installed  on  routo  computers  pro  van tod  laploaantatlon. 
Tnosa  automated  function*  are: 

conflict  alort  for  oncountor*  botMon  Noda  C-apuIppad  ¥F*  aircraft  and  controllad  IF* 
aircraft,  and 

autoMtlc  ganaratlon  of  conflict  rasolutlon  advisories  to  control lar*  for  conflict*  union 
nad  boon  datactad  by  tna  coaputars. 

Tna  raplacaaant  of  tna  IM  N20  coaputars  In  our  an  routa  cantors  by  IM  J083's  In  tna  lata  1980's 
will  remove  tna  coaputatlonal  constraints,  and  laploaantatlon  of  tnosa  addad  safaty  functions  can 
tnan  procsad. 

Slallarly,  capacity  Halts  of  tna  prosant  National  Traffic  Nanapaaant  Coaputor,  wnlcn  Is  also 
scnadulad  to  ba  raplacad  In  tna  lata  1980's,  nas  prevented  laploaantatlon  of  autoaatton  improvements 
for  national  flow  control,  naaaly: 

Inclusion  of  fllgnt  plan  data  for  nonscnadulad  aircraft  In  tna  daaand  calculations  for 
congas  tad  airports,  and 

usa  of  coaputar-ganaratad  prograss  raports  for  all  controllad  aircraft  for  contra! Iiod 
calculation  of  antlclpatad  an  routa  soctor  and  fix  loadings. 

Improved  accuracy  of  tnosa  loading  astlaatas  Is  vary  Important  to  tna  officiant  control Iiod 
management  of  traffic  flows  tnrougn  conga* tad  airspace  and  Into  tna  nign  density  terminals. 

Future  Plans 


Tna  Major  advance  planned  for  ATC  automation  In  tna  early  1990's  Is  tna  Advanced  AutoMtlon  System, 
wnlcn  will  tnclude  a  sat  of  autOMatlon  capabilities  called  Autoawted  En  routa  Air  Traffic  Control 
(AERA)  I.  Tna  ACM  I  functions  Include: 

calculation  of  fltgnt  patns  In  four  dloanslons  (latitude,  longitude,  altitude,  and  tlam) 

conflict  probe  of  planned  four -dinar*  Iona)  fllgnt  patns  1 5-20  Minutes  Into  tna  future  to 
provide  earlier  detection  of  fllgnt  plan  conflicts  and  enable  More  orderly  traffic  flow  and 
reduction  of  controller  workload 

-  detection  of  fllgnt  plan  conflicts  wltn  tlaa-dapondont,  restricted  airspace  for  tna  route 
of  fllgnt 

detection  of  flow  and  entering  restrictions 

TMs  Is  expected  to  result  In  a  far  greater  capability  for  allowing  user  aircraft  to  fly  tnalr 
preferred  direct  routes  and  altitude  profiles  tnan  at  tna  present  tine. 

A  follow-on  autonwtlon  stop,  callod  AEKA  11,  will  automatical ly  calculate  candidate  solutions  to 
datactad  conflicts  wnten  will: 

resolve  future  fllgnt  plan  conflicts  and  perform  any  coordination  necessary  at  otner 
affected  sectors,  and 

present  prioritized  alternatives  In  clearance  format. 

Tee  controllers  will  nave  tna  option  to  deliver  tnese  computer.genereted  clearances  and  advisories 
by  voice  or  by  data  link  to  properly  equipped  aircraft. 

Advances  beyond  tna  level  of  automation  in  AERA  11  will  likely  involve  a  quantum  cnange  In  tna  ATC 
system  procedures.  To  acnleve  our  announced  goal  of  doubling  controller  productivity,  it  will  be 
necessary  to  delegate  to  tno  ATC  computers  some  aspects  of  tne  controllers  present  responsibilities 
fbr  direct  control  of  aircraft.  Tots  will  require  a  clear  and  unambiguous  demarcation  between 
responsibilities  retained  by  tne  controller  and  tnosa  delegated  to  tne  ATC  computer.  Another 
obvious  requirement  Is  for  a  direct  comnun teat Ions  link  between  tne  ground  ATC  computers  and 
airborne  computers  In  controlled  aircraft. 

The  alternative  concepts  Include: 

automatic  computer  control  of  all  aircraft  In  designated  Mgn  altitude  regimes 

automatic  computer  control  of  all  aircraft  wnlcn  are  equipped  wltn  advanced  avionics  (data 
lint  and  fllgnt  managanont  computers)  and  wnlcn  fly  tnrougn  specified  airspace  regimes 

tne  ATC  computer  perform*  tne  separation  functions  far  all  controlled  aircraft  in  en  route 
airspace,  nolle  tne  controller  uses  cam peter  aids  to  perform  conflict  free  fllgnt  planning 

A  greet  deal  of  rosea ren  remains  te  be  done  before  tnese  advanced  concepts  can  be  fully  developed. 
Camp laxities  derive  from  too: 

division  of  responsibilities  between  tne  controllers  and  computers ,  and  tne  man  wacolno 
Interface  design 
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tM  variety  and  nix  of  avionic*  and  performance  capabilities  of  controlled  aircraft 

difficulties  In  Modi  Inf  unanticipated  parturition*  In  traffic  flow  duo  to  ulndt.  tavoro 
•oat nor.  and  egulpmant  outago* 

Finally,  before  any  (tap  can  aa  taken  Myond  too  current  node  aftere  ATC  cenputers  provide  automation 
aids  to  controller*  eno  retain  tne  um aul vocal  rosponslblllty  for  control  of  aircraft,  full  and 
coop  lata  confidence  of  controllers,  pilots,  and  tne  public  nust  no  aentoved  In  not  only  tne 
functional  capabilities  of  advancod  automation  egulpment,  but  alto  Its  absolute  protection  against 
a  pul  paont  failures. 
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In  a  Joint  projoct  carried  out  by  DPVLR  and  IPS  (the  German  Federal  Air  Navigation  Services)  the 
'COMPAS- sy steal  (Computer  Oriented  Metering  Planning  and  Advisory  System)  >  Gas  been,  developed  at  the 
OFVLR-Instltute^or  Flight  Guidance.  It  has-  been  tested  and  evaluated  at  the  Institute's  air  traffic 
slaulatlon  facility,  using  traffic  scenarios  of  Frankfurt  airport  with  upfco  52  aircraft  Movements 
slaultaneously .  3  ■  iu.  . ,  .  ,  - ,  , 

The  operational  objectives  of  the  COMPAS- sys tew  are  with  regard  to  Frankfurt  airport' to  achieve  the 
best  possible  usage  of  the  available  but  T lailted  runway  landing  capacity,  to  avoid  unnecessary  delays  and 
to  apply  econowlc  approach  profiles  whenever  possible.  The  planning  functlons-Mhlch  today  are  still 
carried  out  bv  huwan  controllers «1 IT  be  transferred  to  a  co^uter.  It  generates  a  cowprehenslve  plan  for 
a  best  overall  arrival  sequence  and  schedule.  4hp»  execution  of  this  plan,  however.  Intent  Iona  I  Throws  Ins 
the  task  of  She  hiaan  controllers.  They  .are  provided  with  all  data  necessary  to  c-introl  the  approaching 
aircraft. 

The  systems  concept,  the  dynawlc  planning  algor  It haw  as  well  as  the  operational  concept  for  computer 
assistance  and  the  wn-owchlne  Interface  are  presented.  Sow  prellulnary  results  of  the  experlwents  and 
evaluation  will  be  reported.  % 


1 .  Introduction 


Planning  and  control  of  a  safe,  regular  and  efficient  flow  of  air  traffic  at  high  density  airports  Is 
an  extrmaely  difficult  task  for  Air  Traffic  Control  (ATC).  The  increasing  nuwber  of  additional 
requirements  that  have  to  be  wt  by  ATC,  such  as:  fuel  efficiency,  noise  abatewnt  procedures,  wake  vortex 
separation,  capacity  usage  demands  have  wade  this  task  even  wore  coup  lex  and  challenging. 

In  a  Joint  projoct  carried  out  by  DFVLR  and  BFS  (the  Germ*.  Federal  Air  Navigation  Services)  the 
COMPAS-Systew  (Computer  Oriented  Metering  Planning  and  Advisory  £ystm)  has  been  developed,  tested  and  is 
non  under  evaluation  at  DFVLR. 

The  operational  objectives  of  the  COMPAS-systam  are  (with  regard  to  Frankfurt  Airport)  to  achieve 
best  possible  usage  of  the  available,  but  I lailted  runway  landing  capacity,  to  avoid  unnecessary  delays  and 
to  apply  econowlc  approach  profiles  whenever  possible.  The  planning  functions  which  nowadays  are  still 
carried  out  by  huwan  controllers  will  be  performed  by  a  computer.  It  generates  and  suggests  a 
comprehensive  plan  for  a  best  overall  arrival  sequence  and  schedule.  The  execution  of  this  plan  however 
intentionally  remains  the  task  of  the  human  controllers.  They  are  therefore  provided  with  all  necessary 
data  to  control  the  approaching  aircraft. 

The  project  objective  Is  to  obtain  solutions  and  experience  in  the  layout  and  application  of  computer 
assisted  systems  in  Air  Traffic  Control. 

The  design  of  a  semi -automated  subsystem  necessitates  In  particular  careful  and  feasible  solutions 
both  for  the  transfer  of  human  planning  and  decision  making  functions  to  a  computer  and  for  the  the 
distribution  of  authority  between  computer  and  controller. 


2.  Arrival  flawwing  In  Air  Traffic  Control 
2.1  Hwan  Plawwtm  in  todays  system 

An  important  task  in  Air  Traffic  Control  Is  to  merge  several  converging  streams  of  aircraft  from 
different  approach  directions  on  the  runway  centerline  (Fig.  1).  On  major,  often  congested  airports  this 
is  a  challenging  and  ce^lex  task .  Although  the  average  arrival  rate  may  not  exceed  the  average  landing 
capacity,  it  cannot  be  avoided  that  (despite  all  long-term  flight  plan  coordination  and  medium-term  flow 
control)  the  arrivals  ore  randomly  distributed. 

This  would  load  to 

0  arrival  peaks  (with  resulting  delay), 

0  arrival  gaps  (resulting  in  unused  capacity), 

0  uneff active  wake  turbulence  sequencing  ( coped ty  reduction)  or 
o  uneconomic  fit**  profiles 

if  no  appropriate  planning  and  control  actions  would  be  taken  by  air  traffic  controllers  in  order  to 
establish  a  safe,  smooth  and  officiant  flew  of  traffic.  The  actions  should  be  taken  In  due  time  outside 
the  terminal  area,  to  avoid  congestion  and  holding  proceAires  in  the  narrow  terminal  area,  and  to  allow 
the  application  of  economic,  idle-descent  profiles. 
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Fig.  2  Illustrates  In  a  schematic  way  the  extended  approach  area  of  Frankfurt  Airport.  A  typical 
approach  coaumnces  In  the  vicinity  of  a  so-called  "Entry  Fix"  some  70-100  nu  distant  from  the  airport  at 
flight  levels  between  ISO  and  280.  The  different  Standard  Arrival  Routes  are  converging  at  three  Main 
Navigation  Aids  (Clearance  Limits)  the  so-called  "Metering-Fixes". 

The  Intermediate  approach  legs  from  those  three  directions  finally  are  merged  on  the  extended  runway 
center  line  for  final  approach.  Normally  the  landing  sequence  should  be  established  at  least  some  10  nm 
from  the  runway  threshold.  This  assumed  point  1$  called  "Gate*. 

Today  the  arrival  planning  and  control .process  Is  performed  by  several  control  units,  some  of  them 
assigned  the  Area  Control  Center  (units  Cf  and  B^)  others  to  Arrival  Control  and  Local  Control  (1^). 

The  shortcomings  of  todays  situation  can  be  described  as  follows: 

o  The  overall -planning  task  Is  distributed  to  several  control  units. 

o  Arrival  planning  Is  performed  "stepwise"  from  the  "outer"  units  (C,  to  B,)  to  the  "Inner*  units 

(Aj). 

o  Some  kind  of  tactical/ad  hoc/local  planning  prevails  in  each  control  unit  and  must  be  coordinated 
with  other  units. 

o  The  application  of  one  overall  planning  criterion  and  concerted  control  action  Is  very  difficult  to 
achieve,  because  of  Ihe  very  high  coordination  effort. 

o  The  Integration  of  a  variety  of  data  from  many  different  sources  has  to  be  performed  mainly  In  the 
head  of  the  human  controllers. 

This  leads  to  extreamly  high  work  load  and  even  samll  dlsturbatlons  which  could  not  be  matched,  may 
result  in  a  traffic  congestion. 

Splitting-up  and  distributing  this  task  to  more  control  units  would  require  even  more  coordination 
effort . 

Therefore  it  was  envisaged  to  transfer  at  least  parts  of  the  human  planning  and  control  functions  to 
a  computer. 


2.2  Computer-based  arrival  planning 

Based  upon  studies  at  Frankfurt  Airport,  a  concept  for  a  computer  based  planning  system  (COMPAS), 
aiming  to  assist  controllers  in  the  comprehensive  planning  of  arriving  aircraft  was  developed  and  is  now 
being  tested  and  evaluated  by  the  DFVLR  Institute  for  Flight  Guidance  In  cooperation  with  BFS  -  the  German 
ATC -Authority. 

The  essential  design  principles  of  the  COMPAS-system  can  be  described  as  follows: 

o  The  stepwise  distributed  planning  of  the  controllers  Is  substituted  by  one,  comprehensive,  overall 
computer  planning. 

o  The  computer  planning  function  anticipates  the  traffic  development  for  the  next  30  minutes  and  uses 
one  single  criterion,  common  for  all  units. 

o  Besides  the  "usual*  data  such  as  radar  position  information  and  flight  plan  data,  many  other  data 
are  included  In  the  computer  planning  functions,  (l.e.  traffic  load  In  sub-sectors,  aircraft 
performance  and  economy,  actual  airspace-structure  etc.).  The  computer  Integrates  these  data  and 
generates  concentrated  planning  results. 

o  Each  control  unit  Involved  Is  provided  with  Its  specific  planning  results,  necessary  to  carry  out 
control  and  to  play  Its  part  In  the  overall  plan. 

o  The  controllers  stay  fully  in  the  loop  and  keep  their  executive  function.  In  general  the  computer 
generated  plan  is  acceptable  to  the  controllers.  However,  it  Is  possible  for  the  controllers  to 
Interact  with  the  co^uter  in  order  to  modify  the  plan. 

The  basic  structure  of  the  COMPAS-system  is  shown  in  Fig.  3.  The  operational  objectives  of  the 
COMPAS-system  are  with  regard  to  the  Frankfurt  situation: 

o  best  usega  of  runway  landing  capacity, 

o  delay  reduction  for  arrivals, 

o  to  apply  economic  descent  profiles,  if  possible. 

Fig.  4  shews  hew  the  COMPAS-system  will  be  integrated  Into  the  existing  ATC-system.  COMPAS  is 
designed  le  work  in  the  present  ATC-envIronment.  But  beyond  that  actual  radar-data  and  flight -plan-data 
are  fed  on-line  Into  the  CQMPAS-DP-system  via  special  Interfaces.  Taking  into  consideration  a  set  of  other 
information  (aircraft  performance,  airspace  structure,  wind  etc.)  COMPAS  generates  a  plan  and  displays  It 
to  the  controllers.  The  controller  nay  use  these  COMPAS -proposals,  but  Is  not  obliged  to  use  the  system. 
However,  if  he  does  work  with  It,  the  results  should  be  so  reasonable  and  convincing,  that  he  easily  can 
adapt  these  proposals  for  his  control  actions.  Under  normal  conditions  no  control lor-computor  interaction 
Is  required.  However  interaction  Is  possible,  if  the  controller  wants  to  modify  the  plan  or  if  It  Is 
necessary  to  cepe  with  unforeseen  events. 
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A  successful  application  of  a  system  like  this,  where  automated  and  human  functions  are  closely 
Interrelated,  strongly  depends  on  the  development  of  feasible  solutions  for 

o  the  structure  of  the  planning  process, 

o  the  distribution  of  authority  between  controller  and  computer. 

These  topics  will  be  discussed  in  more  detail  In  the  following  chapters. 


3.  Dynamic  Arrival  Planning 
3.1  Planning  functions 

The  overall  goal  of  the  computer  based  arrival  planning  Is  to  generate  a  plan,  giving  the  “best" 
sequence  and  schedule  and  to  provide  Information  how  to  fulfil  this  plan.  To  work  out  a  plan  dynamically 
in  real  time  In  a  real  environment,  large  quantities  of  data  are  necessary.  They  consist  of  three  types  of 
data: 

1.  Fundamental  data  and  models  which  are  "static"  and  do  not  change  during  the  planning  process,  I.e. 
o  aircraft  performance  data; 

o  airspace  structure; 
o  approach  procedures; 
o  separation  values; 
o  wind  model. 

2.  Event-oriented  data,  which  change  with  "low  frequency",  I.e. 
o  aircraft  entering  or  leaving  the  system; 

o  callsign,  type  of  aircraft; 

o  flight  plan  data  (route,  way-points,  estimated  times); 
o  wind  data  (force,  direction). 

3.  Oynamic  data,  changing  with  "high  frequency",  i.e. 

o  actual  flight  condition  (position,  speed,  altitude,  deceleration  rate,  descent  rate). 

Fig.  5  shows  the  main  data-processlng  functions  which  are  carried  out  In  real-time. 

An  overview  on  the  various  sub-tasks  which  have  to  be  performed  for  the  planning  is  listed  below. 
Host  of  them  can  be  regarded  as  "auxiliary*  functions  for  the  intrinsic  planning  core:  the  sequencing  and 
scheduling  function,  which  will  be  described  in  more  detail. 

o  System  monitoring  and  control 

-  Automated  DP-controller 

-  Pre-processing  of  Inputs  to  change  basic-data; 
sector  allocation  etc. 

-  Processing  of  DP-errors 

o  Data  Cognation 

-  Radar  target  recognition,  extraction 

-  Flight  plan  data  selection 

-  Code/CaMsign  assignment 

-  File  inauguration  and  data  procurement 

o  Forecast 

-  Speed  calculation  from  radar  tracking 

•  Flight  path  assessment 

-  Tlme-to-fly  calculation 

-  Arrival  time  prediction 

o  Sequencing  and  scheduling 

•  Merging  of  new  arrivals  Into  existing  %»qu»nct  and  schedule 

-  Time-conflict  detection  t 

-  Time-conflict  resolution  with  "Branch  &  Bound’  algorithm 

o  Update  and  Fixing 

-  Update  of  Sequence  and  Schedule 

-  Assessment  of  final  sequence 

-  Release  of  unnecessary  "time-tension" 

-  "Freezing"  of  final  schedule  and  sequence 

o  Input/Output  Control 

-  Control ler-Computer- Inter action  procedures 
o  Input-Processing 

-  Processing  of  controller  modifications 

-  Processing  and  storage  of  parameter  alterations 
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o  Output-Processing 

-  Continuous  processing  and  display  of  results 

-  Processing  and  display  of  data  on  request 

o  Basic-Data -Management 

-  Storage,  modification  and  provision  of  the  valid  air  space  structure,  landing  direction,  landing 
rate,  separation,  type-specific  performance,  profile  models,  wind  models  etc. 


3.2  The  Planning  Algorithm 

The  core  of  the  arrival  planning  function  is  an  algorithm  which  consists  of  three  major  elements: 

1.  Prediction  and  initial  scheduling 

2.  Time-conflict  detection 

3.  Time-conflict  resolution 

The  algorithm  is  activated  every  time  when  a  new  aircraft  enters  the  system. 


3.2.1  Prediction  and  Initial  Scheduling 

When  a  new  aircraft  arrives  at  an  “Entry"  F1x“,  the  arrival  time  prediction  is  made  for  the  “GATE". 
Two  arrival  times  are  calculated: 

1.  The  Estimated  Time  Over  Gate  (ETOGT)  based  upon  the  preferential  profile  (i.e.  idle  thrust  descent)  and 
all  other  actual  conditions  of  the  flight. 

2.  The  Estimated  Earliest  Time  Over  Gate  (EETOGT)  taking  into  account  all  measures  to  advance  the  arrival 
within  the  performance  margins  of  the  aircraft  and  possible  short-cuts  of  the  flight  path. 

The  “earliest"  arrival  time  is  used  for  the  inital  planning  in  order  to  keep  the  system  under  “time 
pressure"  and  to  advance  and  expedite  the  traffic  flow.  With  its  EETOGT  a  new  aircraft  is  inserted  into 
the  existing  aircraft  sequence  and  schedule  for  the  GATE.  The  result  is  the  initial  plan,  giving  a 
tentative  schedule  and  landing  order.  Then  the  time-conflict  detecting  function  is  cal  Ted. 


3.2.2  Time-conflict  detection 

The  time-conflict  detector  is  searching  the  entire  landing  order  for  infringements  of  the  minimum 
permitted  time-separation  between  pairs  of  two  successive  aircraft  at  the  GATE. 

It  uses  a  data  table,  the  so-called  separation  matrix  (Fig.  6)  which  gives  the  minimum  permitted 
time-separation  between  any  combination  of  leading  and  trailing  aircraft  according  to  their 
wake-vortex-class. 

If  there  is  no  time-conflict  detected  over  the  GATE,  i.e.  if  the  time-separation  between  any 
preceeding  and  following  aircraft  is  equal  or  greater  than  the  respective  minimum  separation  the  planning 
process  is  finished. 

However,  if  a  time-conflict  between  two  or  more  aircraft  is  detected,  the  conflict  resolution 
function  comes  into  effect. 


3.2.3  Time-conflict  Resolution 

The  time-conflict  algorithm  works  as  follows: 

1.  It  consideres  the  earliest  time-conflict  in  the  initial  plan.  If  one  of  the  two  aircraft  involved  in 
this  conflict  has  its  status  “frozen"  (i.e. its  position  in  the  planned  sequence  over  the  Gate  cannot  be 
changed  anymore),  then  the  "non-frozen"  aircraft  is  put  behind  the  "frozen"  one  according  to  the 
separation  matrix  in  Fig. 6.  If  both  aircraft  have  the  "non-frozen“  status,  there  are  two  possibilities 
for  the  sequence: 

-  aircraft  1  behind  aircraft  j 

-  aircraft  j  behind  aircraft  1. 

Both  possibilities  have  a  given  delay  time  for  the  postponed  aircraft.  The  time-conflict  algorithm  now 
first  evaluates  the  solution  with  the  smaller  delay-time  to  form  the  revised  plan  (which  is 
characterized  by  this  delay-time). 

2.  In  this  revised  plan,  again  the  earliest  time-conflict  is  considered  (if  there  is  one  remaining). 
Repeating  step  1,  this  conflict  Is  resolved  with  the  penalty  of  an  additional  delay  time.  This  conflict 
resolution  process  continues  until  a  conflict-free  revised  plan  has  been  found  (with  a  certain  total 
delay-time). 

3.  In  a  back-tracking  procedure,  the  algorithm  has  now  to  check  all  the  solutions  of  step  1,  which  have 
been  neglected  in  the  first  attempt.  For  each  of  these  solutions  the  conflict  solution  process  of  step 
2  has  to  be  carried  out  until: 
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-  either  another  conflict-free  plan  with  a  smaller  total  delay-time  as  that  of  the  previous 
revised  conflict-free  plan  has  been  found, 

-  or  the  total  delay-time  exceeds  that  of  the  previous  conflict-free  plan. 

4.  This  back-tracking  procedure  is  carried  out  for  all  neglected  conflict  solutions  of  step  1  and  2.  The 
procedure  terminates  with  a  conflict-free  plan  with  the  minimum  possible  delay-time. 

The  time  conflict  resolution  algorithm  is  governed  by  the  strategy  to  minimize  the  total  aircraft 
delay-time,  according  to  the  overall  goal  of  the  COMPAS  project,  to  maximize  the  aircraft  throughput. 
Other  strategies  are  thinkable,  e.g.  to  minimize  the  total  number  of  time-conflicts  to  be  resolved, 
thus  reducing  controller  workload. 

The  described  algorithm  is  a  type  of  branch  &  bound-algorithm,  which  can  be  visualized  as  a 
heuristic-directed  search  in  a  tree,  using  a  cost  function  (the  total  delay-time).  Nodes  represent 
plans  and  are  labeled  with  the  earliest  time-conflict  to  be  resolved.  The  arcs  represent  the  conflict 
solution  procedures  *i  before  j"  and  "j  before  1",  as  discussed  in  step  1  above.  The  tree  is  developed, 
using  the  heuristics  "to  solve  the  earliest  conflict  in  the  plan  first"  (Step  1).  The  total  delay-time 
Is  sunned  up  along  the  branches,  until  a  conflict-free  plan  is  reached  (Step  2). The  value  of  the  cost 
function  for  the  first  conflict-free  plan  Is  called  “first  bound".  The  back-tracking  procedure  (Step  3) 
leads  to  another  branch  of  the  search-tree,  which  is  either  closed,  when  its  total  delay-time  exceeds 
the  value  of  the  first  bound,  or  when  a  new  conflict-free  plan  is  reached  with  a  smaller  delay-time 
(Step  4).  The  result  of  this  search  procedure  is  a  conflict-free  plan  with  minimum  delay-time.  The 
procedure  is  illustrated  in  Fig. 7. 

The  algorithm  tries  to  resolve  the  earliest  conflict  first,  i.e.  the  conflict  between  aircraft  B  an 
D.  If  one  of  these  two  aircraft  has  already  been’frozen",  in  this  case  aircraft  B,  the  "non-frozen" 
aircraft  D  is  put  behind  the  leading  one.  In  the  next  step  the  algorithm  checks  if  the  delay  for  D  has 
created  a  new  conlict  or  if  other  conflicts  still  exist.  Again  the  earliest  conflict  is  selected,  in  the 
example  the  newly  created  conflict  between  D  and  E.  If  both  sequences  D-E  or  E-D  are  possible,  either  D  or 
E  may  be  delayed.  The  algorithm  selects  that  sequence,  where  the  total  delay  is  minimum.  This  process  is 
repeated  until  all  time-conflicts  have  been  resolved,  giving  a  first  solution  for  the  sequence  (1. branch) 
and  the  first  value  of  the  cost  function  (1. bound). 


4.  Computer-Controller  Interface 

The  layout  of  the  man-machine  interface  Is  of  very  great  importance  for  the  practicability  and 
acceptance  of  a  computer  assisted  function.  The  guidelines  for  the  layout  of  the  COMPAS-system  were: 

o  to  keep  the  controller  in  the  loop  (i.e.  to  give  him  the  plan,  but  to  leave  the  verification  of  the 
plan  to  his  experience,  skill  and  flexibility); 

o  to  display  just  the  necessary  data,  in  a  clear  and  understandable  form; 

o  to  minimize  the  need  for  keyboard  entries. 

These  user  requirements  led  to  questions  and  proper  solutions  for  the 

o  distribution  of  authority  between  controller  and  computer 

o  design  of  displays  and  controls  and  operational  procedures. 


4.1  Distribution  of  Authority  between  Controller  and  Computer 

The  requirement  was  to  keep  the  controller  In  the  loop.  This  led  to  a  solution  where  the  automated 
planner  permanently  carries  out  the  planning  functions,  with  the  results  (the  overall-plan  or  a  sub-plan) 
being  displayed  to  the  respective  radar  controllers.  In  the  "normal"  case,  the  plan  should  be  reasonable 
and  acceptable  and  no  controller-computer  interaction,  not  even  the  confirmation  of  receipt  Is  required. 

This  means  that  the  control  authority  fully  remains  with  the  controllers.  The  computer  simply  takes 
over  the  complex  planning  procedure  and  makes  proposals  to  the  controllers.  Assuming  that  these  proposals 
are  compatible  with  the  Intentions  of  the  controller  and  the  "behaviour"  of  the  aircraft,  the  controllers 
will  readily  accept  the  suggested  plan,  transform  it  into  appropriate  control  actions,  which  then  are 
carried  out  by  the  aircraft.  The  traffic  situation  will  then  further  develop  as  anticipated  by  the 
automated  planner.  As  the  controller  does  not  "Inform"  the  computer  about  his  control  actions  (via  data 
Inputs),  the  computer  does  have  no  direct  feedback  from  thq  controllers,  but  only  monitors  and 
recalculates  the  development  of  the  traffic  situation.  Only  if  modifications  are  fed  in,  the  computer  will 
react  to  controller  Inputs  (Fig. 8) . 

The  planning  function  can  be  classified  as  "loose,  open  loop-planning",  with  -  by  intention  -  low 
accuracy,  leaving  much  responsibility  but  also  flexibility  to  the  human  controllers. 

Other  concepts  with  a  more  "tight,  closed-loop-planning",  are  conceivable,  however  they  require  even 
more  data,  more  data-processlng  capability,  more  Intelligent  algorithms  and  a  higher  degree  of  automation. 

In  real  world  operation,  however,  deviations  and  disturbances  frequently  occur  and  have  also  to  be 
delt  with.  So,  if  the  controller  has  to  maintain  full  control  authority,  he  must  be  permitted  and  able  to 
"override"  or  modify  the  computer  generated  plan.  In  the  COMPAS-system  this  can  be  done  with  some  function 
keys.  Table  1  shows  the  operational  capabilities  of  the  COMPAS-system  without  and  with  controller 
Interaction. 
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Distributing  the  authority  between  controllers  and  computer  causes  another  problem.  In  a 
computer-based  system  one  automated  planner  generates  one  overall  plan,  which  then  is  divided  into  several 
sub-plans  and  distribuliJ  to  the  respective  control lers~Tn  the  different  sub-sectors  (Fig.  9). 

This  means  the  computer  has  and  generates  some  kind  of  "master-plan".  If  this  overall-plan  is  not 
apparent  in  the  sub-plans,  the  sub-plans  might  not  be  transparent,  understandable  and  acceptable  to  the 
controllers.  Therefore  it  is  important  to  provide  information  on  the  overall-plan,  be  it  “on-request"  or 
permanently. 

Another  problem  resulting  from  the  distribution  of  sub-plans  is,  that  plan  modifications  may 
originate  at  different  places.  This  leads  to  questions  of  priority,  of  conflicting  interactions  and  of 
deterioration  of  the  general  goal  of  the  planner,  and  as  well  to  the  stability  of  the  planning  process. 
For  the  COMPAS  experimental  system  with  a  limited  number  of  controller  working  stations  satisfying 
solutions  have  been  worked  out.  In  an  operational  system  application  with  a  great  number  of  controller 
working  stations  this  problem  has  to  be  resolved  carefully. 


4.2  Displays  and  Controls 

As  mentioned  above  the  user  requirements  are: 

-  to  display  just  the  necessary  data,  in  a  clear  and  understandable  form, 

-  to  minimize  the  need  for  keyboard  inputs. 

This  led  to  simple,  but  very  clear  displays  and  functions  keys. 

A  coloured  display  is  used.  The  basic  version  of  the  display  for  the  arrival  controllers  is  shown  in 
Fig.10  .The  display  shows  at  top  right: 

-  the  landing  direction  in  use;  (25) 

-  the  airport  acceptance  rate;  (Flow  3.0  means:  unrestricted  flow,  with  3  m  minimum  separation 
when  permitted). 

The  left  part  of  the  display  shows  a  time-scale  for  the  next  20  minutes,  with  the  actual  time 
( 10. 17h)  at  the  bottom.  The  expected  arrivals  in  this  sector  are  displayed  with  their  call-sign  and 
wake-vortex-class  (H).  The  leading  aircraft  is  at  the  bottom  (according  to  the  typical  arrangement  of  the 
flight-progress-strips  on  the  strip-holder-board) .  The  small  box  on  the  bottom  left  represents  the  GATE, 
giving  the  indication  that,  e.g.  the  JU  358  should  be  over  the  GATE  right  at  lo.l7h,  followed  by  the  AY 
821  about  85  sec  later,  a.s.o.. 


The  letters  left  of  the  time-scale  give  a  rough  indication  of  the  suggested  control  action.  Four 
qualitative  suggestions  are  made  to  the  controllers  in  order  to  establish  a  smooth,  dense  landing  stream: 


"X"  -  expedite 
”0"  -  no  action 
"R"  -  reduce 
“H“  -  hold 


(30  sec  up  to  2  minutes), 

(+  30  sec), 

(30  sec  up  to  3  minutes  delay), 
(more  than  3  minutes  delay). 


As  an  example:  the  LH  880  should  arrive  at  the  GATE  at  about  10:26  and  it  should  be  reduced.  Because 
the  LH880  is  a  HEAVY-type  aircraft.  Increased  wake-turbulence-separation  is  planned  for  the  succeeding 
JU350,  which  has  to  be  expedited  in  order  to  catch  its  landing  slot. 


There  is  no  proposal  for  the  specific  control  command.  Whether  speed  control,  delay  vectors  or  a 
combination  of  both  is  to  be  applied,  is  left  to  the  judgement  and  experience  of  the  controller,  who  will 
consider  the  entire  traffic  situation. 


The  displays  for  the  sector  controllers  are  configured  accordingly.  However,  the  bottom  box  then 
corresponds  to  the  "Time  over  the  Metering  Fix”.  Displayed  is  the  whole  sequence,  i.e.  the  sequence  to  be 
merged  from  all  approach  directions.  According  to  the  colour  of  the  stripholders  used  in  the  different 
approach  sectors  the  labels  are  presented  in  the  respective  colours,  giving  the  controller  a  clear 
indication  from  which  direction  an  aircraft  could  be  expected  and  giving  a  hint  for  what  reasons  the 
computer  possibly  has  made  a  different  proposal  than  the  human  controller  would  have  done  with  his  limited 
knowledge  of  the  overall  situation. 

In  case  of  higher  degrees  of  automation  or  in  case  even  more  sophisticated  "intelligent"  planning 
algorithms  are  applied,  the  questions  of  transparency  and  understanding  become  even  more  important,  as  the 
controller  must  be  able  to  fully  monitor  the  automated  control  process  and  to  take  over  control  at  any 
time,  in  case  of  emergency. 

In  this  application  of  a  semi -automated  sub-system  the  solutions  provided  for  transparency  and 
acceptance  were  worked  out  in  close  cooperation  with  the  users. 

As  mentioned  above,  the  controller  is  allowed  to  modify  the  computer  generated  plan  if  he  desires  or 
if  unforeseen  events  have  to  be  matched. 


Fla. 11  shows  the  small  functions-keyboard  which  is  used  for  controller-computer-interaction.  There 
are  8  (2  spare)  function-keys  to  activate  the  operational  Interventions  described  above.  In  addition  there 
are  "Clear"-  and  "Execute" -keys  and  the  so-called  "-/+"-keys  which  are  used  either: 
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o  to  move  a  cursor  down  or  up  the  time-scale,  in  order  to  identify  or  modify  the  plan  of  a  specific 
aircraft,  for  example  for  a  sequence  change; 
or 

o  to  increase  or  decrease  parameter  values;  e.g.  if  the  flow  rate  shall  be  changed:  after  pressing 
the  FLOW-key,  fi-st  the  valid  value  is  displayed  on  the  input-control-line  (bottom-right).  It  then 
can  be  increased  or  decreased  with  the  "-/+"-keys.  The  desired  value  is  activated  with  the 
EXECUTE -key. 

All  input  procedures  are  performed  in  this  same  manner. 

Although  much  more  sophisticated  displays  and  controls  are  conceivable  and  feasible  from  an 
engineering  point  of  view  (as  much  more  information  is  available  in  the  computer)  the  COMPAS  development 
strictly  adhered  to  the  design-requirement  of  keeping  the  man-machine- interface  as  simple  and  clear  as 
possible. 

The  first  trials  with  controllers  from  Frankfurt  are  very  promising  with  regard  to  acceptance  and 
operational  feasibility. 


5.  Conclusions 


The  described  computer-based  planning  system  has  been  developed  in  all  its  elements  at  the 
DFVLR-Institute  for  Flight  Guidance.  It  has  been  tested  and  evaluated  at  the  institute's  air  traffic 
simulation  facility,  using  traffic  scenarios  of  Frankfurt  Airport  in  real-time  simulations,  with  up  to  52 
aircraft  movements  simultaneously. 

The  dynamic  planning  algorithm  as  well  as  the  operational  concept  for  computer  assistance  and  the 
inan-machine  interface  not  only  proved  to  be  feasible,  but  were  also  readily  accepted  by  more  than  30  air 
traffic  controllers  from  the  Frankfurt  Air  Traffic  Control  Center,  who  took  part  in  the  tests  and 
evaluations. 

Thus  a  first  step  towards  the  introduction  of  intelligent  computer  assistance  for  the  controllers  has 
been  successfully  achieved.  It  is  however  quite  obvious,  that  this  step  of  transferring  human  planning  and 
decision  making  functions  to  a  computer  is  still  limited,  with  respect  to  the  operational  requirements  of 
the  user.  A  next  step  to  go  ahead  with,  is  to  implement  some  human  controller  heuristics  in  a  rule-based 
system,  which  will  then  be  coupled  with  the  described  algorithm.  Essential  for  any  operational  application 
however  are  not  only  appropriate  models  and  suitable  computer  capabilities,  but  in  particular  the  careful 
design  of  elements  and  procedures  for  the  man-machine  interface. 


COMPAS  experimental  system 


Traffic  Mi 

Planning 

»iaa 

Execution  | 

MMISl  KUMU 

(computer  baaed) 

(by  human  controllers ) 

| 

plaa  wotfiticatieaa  j 

Figure  3:  Planning  and  execution  functions  with  COMPAS 


Figure  4:  COMPAS  as  an  additional  function  in  ATC 


Figure  5:  COMPAS  data-processing  functions 
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Figure  10:  COHPAS-di splay  of  proposed  sequence  end  schedule 
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Figure  11:  COHPAS-f unction  keys 


COMPAS-OPERATIOML  CAFASILITIES 

CONTIMNSLV/ANTQNATICALLY 

•  SEQUENCING  I  SCHEDULING 

(SEQUENCE.-  AAN1VAL  TINES  F0«  NF  AND  6T) 

•  METERING  CONTNOL  ADVICE 
(SPEED- .  DESCENT.  FI IGHT-PATH. 
RECOMMENDATION) 

•  ADDITIONAL  INFORMATION  (DISPLAY  ON  NEWEST) 

IF  KCESSMT.  NITR  COmRUER  INTERACTION 

•  CHANGE  OF  NOMINAL  SEPARATION 

•  CHANGE  OF  LANDING  DIRECTION 

•  CHANGE  OF  ATC/AIRSPACE  STRUCTURE 

•  CHANGE  OF  SEWENCE 

•  INSERTION  OF  ARR.  INTO  SEQUENCE 

•  EXTRACTION  OF  ARR.  OUT  OF  SEQUENCE 

•  EXCEPTIONAL  CASES  AM  PROCEDURES 

Table  1:  COMPAS-Operational  Capabilities 
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1.  IHTROOUCTUMI 

lo  t h«  years  to  coat,  the  air  traffic  density  will  probably  Increase  continuously,  although  la  Waatara 
Europe  thara  la  oo  aajor  plaa  for  tba  coaatructloo  of  now  aajor  airporta  or  otbar  Important  ltaflnf  facl- 
lltlaa.  This  twofold  projection  haa  bato  atatad  la  tha  paat  and  lta  Implications  dlacuaaad  at  previous 
MMD  coafaraocaa.  la  fact.  It  haa  baao  aoalyaad  la  taras  of  dalaya  (Raf.  1,  1*72),  lo  taraa  of  aapadltloo 
a  ad  af f lclaacy  (laf.  2,  197)),  and  la  taraa  of  acoooay,  particularly  fual  conservation  (Ref.  ),  1979; 
kef .  1,  19*2),  whlla  tha  aaphaele  today  aaaaa  to  ha  placad  a|ala  aaialy  oa  capacity  (laf.  J,  1914; 
laf.  6,  1916) . 

Within  tha  Engineering  Dlractorata  of  EURDCOtftROL ,  tha  European  Organisation  for  tha  Safaty  of  dir  naviga¬ 
tion,  a  tacholqua  haa  btto  developed  for  tha  afflciaat  aanagaaanr  of  tha  air  traffic  and  tha  accurata  con¬ 
trol  of  aach  Individual  flight  la  aa  aitaadad  araa  including  and  aurrouadlag  a  aaln  terminal  mod  poaalbly 
aavaral  aacoadary  airporta,  thla  exland  ad  araa  balog  rafarrad  to  aa  a  Zona  of  Coavorganca.  Tha  ayatan  la 
eanantlally  aada  up  if  two  baalc,  cloaaly  Interrelated  coapooenta: 

(a)  on  tha  one  hand,  tha  oanaganant  of  tha  traffic  rafarrad  to  aa  tha  Regional  Orgaalaatloo  of  tha 
Sequencing  and  Scheduling  of  Aircraft  Syetan  (ROSAS); 

(bi  oa  the  other  head,  the  accurate  4-0  control  of  each  Individual  flight  In  tha  tone  In  accordance  with 
the  management  dlrectlvea.  Thla  component  la  rafarrad  to  aa  tha  Control  of  Inbound  Trajactorlaa  of 
Individual  Aircraft  (C1NT1A). 

The  ROSAS /Cl KT 1 A  ayatan  alma  at  aeetlng  the  three-element  criterion  of  aconomy/aapedltlon/capaclty.  It 
aeeta  the  requlremente  of  the  airlines  by  alntmlalng  the  overall  deviation  from  the  preferred  climb/ 
crulee/deacent  epeed  profile  -  even  on-line  at  tha  requeet  of  tha  pllote-  In  addition,  the  reaultlng 
traffic  eltuatlon  la  aafar,  tha  number  of  potential  conflicts  being  appreciably  reduced  when  compared  to 
actually  obeerved  situations  (Rate.  7  and  8).  ROSAS  provides  tha  definition  of  aach  flight  through  the 
tone  a.g.  from  entry  to  touchdown.  CIMT1A  makes  It  possible  for  the  ground-baaed  air  traffic  controller 
to  guide  aach  Individual  aircraft  In  accordance  with  tha  management  (ROSAS)  directives,  in  spite  of  tha 
numerous  perturbations  emanating  from  a  wide  variety  of  sources. 

from  tha  testa  conducted  no  far,  using  actual  observed  traffic  In  both  the  Rrusaela  and  London  areas,  tha 
ROSAS  algorithms  appear  efficient  and  rallabla.  Clearly,  the  applicability  of  tha  ayatan  to  raal  Ufa  now 
rallea  on  tha  quality  of  CIMTIA,  that  la  to  say  on  an  accurata  navigation,  guidance  and  control  procadure 
(duly  coordinated  between  tha  ground-based  control  unit  and  the  aircraft  pilot  and  poaalbly  on-board 
equipment)  such  aa  to  anabla  aach  aircraft  to  meat  lta  landing  time  position  within  the  landing  time  slot 
sequence  dadoed  Initially  -  on  entry  Into  tha  soae  -  and  possibly  amended  subsequently  by  tha  air  traffic 
management  unit  or  the  controllers  In  charge  of  tha  flight. 

For  accuracy  assessment ,  tha  CIMTIA  overall  control  loop  haa  been  simulated  In  cooperation  with  airline 
pilots  and  professional  air  traffic  controllers.  The  results  obtained  to  data  Indicate  that  a  10-second 
accuracy  at  the  runway  threshold  can  be  expected  lo  present  R/T  communications  -  and  furthermore.  In  a 
future  automated  digital  link  environment  -  for  flight  paths  from  entry  to  touchdown  extending  up  to 
200  nm. 

A  summary  of  the  proposed  control  procedure  -  the  technical  aepacte  and  tha  results  of  a  sarlaa  of  teals 
conducted  on  several  flight  simulators  -  was  prasantad  at  previous  conferences  and  tha  relevant  pro¬ 
ceedings  (Rafa.  9  and  10)  also  Include  a  Hat  of  refarancas  to  associated  developments.  Tha  reader  la 
accordingly  referred  to  thaae  previous  publications  for  additional  historical,  technical  and  conceptual 
details.  This  papar  will  outline  only  tha  essential  operational  features  of  CIITTIA,  showing  tha  type  of 
coaputsr  assistance  which  can  be  expected  for  tha  controllar/pllot  dialogue  and  Indicating,  In  addition, 
how  CIMTIA  could  be  Implemented  In  a  real-life,  prsaent  or  future,  environment. 


2.  SlWLATlQg  UIVlROMMmT 

2.1.  Camera! :  Management  (RORAR)  /  control  (ClIfTlA)  system 

The  overall  managamant/control  systaa  la  schematically  Illustrated  In  Figure  1.  The  management  component 
(ROSAS  In  the  llluetratloa)  assigns  a  landing  slot  to  aach  aircraft  entering  the  tone.  Thla  la  done  In 
terms  of  traffic  and  other  environmental  conditions  In  accordance  with  the  economy,  'expedition',  capacity 
and  safaty  criteria  and  constraints.  The  related  plan  la  then  rafarrad  to  the  relevant  'aector(s)'  for 
coordination  and  checked  for  local  compatibility. 

Once  accepted,  subject  to  any  amendments,  tha  plan  la  sent  to  the  control  unit  concerned  for  Implemen¬ 
tation.  Thereafter,  the  air  trafftc  controller  and  CIRTIA  will  c^arata  as  a  single  efficient  team  In 
orde  r  to  guide  the  aircraft  and  assist  the  pilot  tn  performing  tha  flight  until  touchdown. 

2.2.  4-0  control  of  trajectories;  Components 

A  position  for  the  4-0  control  of  trajectories  In  an  l/T  communications  environment  la  shown  schemati¬ 
cally  In  Figure  2.  The  leading  time  la  received  from  the  air  traffic  management  unit  -  on  eoma  occasions 
It  may  be  modified  by  the  local  controller.  For  the  purpose  of  simulating  tha  procedure,  the  following 
components,  conamctod  aa  shewn  In  the  diagram,  are  available  (additional  Information  oa  this  subject  may 
be  found  In  Reference  11): 

(a)  aircraft  operation  la  simulated  using  curreat  airline  flight  simulators  operated  by  profes¬ 
sional  craws; 

( b )  radar  Information  la  sent  to  CIMTIA  every  )  or  12  seconds  to  simulate  diverse  modes  of  tracking 
techniques; 
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at  cat  to—  facilities  ar«  similar  to  those  carraetly  mtUtli  kata 
i  the  aircraft. 


the  alt  traffic 


(d)  4P-coatrol  directives  for  each  aircraft  ara  generated  ky  ClNTlA'a  coayutar.  Displayed  oa 
radar  acraaa  la  a  aaaaar  coaalataat  with  p r a aa a t ~4a y  operation,  they  caa  fca  translated  41r 
late  currant  phraseology  ky  tka  coatrollar.  Further,  tka  coatrollar  la  alerted  (ky  tka  chaag 
appearance  of  tka  direct  lye,  a.g.  colour  changes  aad/or  audible  signals)  aka aa ear  craaaaiee 
to  tka  aircraft  la  laaloaot  (aaa  Sactloaa  4  aad  S  tor  lakal  coat  a  at  a ,  pkraa  oology  taped 
dlaplay). 

(a)  la  tka  caaa  of  fllgkta  conducted  to  data,  actual  coatrol  kaa  keen  provided  ky  profaaalaaal 
kalglan  air  traffic  cootrollero  (Mgle  dea  Voiae  adrlaaaae/lagle  dar  Luck t  wages). 

(f)  The  curt l A  ayataa  aa  developed  la  directly  adaptakla  for  tka  purpose  of  automated  digital 
rouad/alr/grouad  coaaualcat loaa ■ 


Tka  coatrol  directives  geaeratod  ky  ClffflA  will  lead  tka  aircraft  la  tka  aoat  economical  aay  free 
lta  present  poaltloa  to  arrlva  at  tka  allocated  alot  la  tka  arrival  sequence.  however,  tka  die- 
played  dlractiwaa  ara  ky  ao  aaaaa  aaadatory  for  tka  coatrollar  aad  C INTI A  will  adapt  ltaalf  aetema- 
tlcally  to  tka  raaulta  of  dlffaroat  coatrollar  decisions.  Actually,  froa  ClNTlA'a  polat  of  vlaw, 
tkeee  ara  alaply  coaalderad  aa  aaother  aat  of  poaalkla  perturkatloaa. 


Slaulatloa  waraua  real  Ufa  op 


It  la  felt  tkat  tka  simulation  envlroomant  which  haa  kaaa  eraatad  reflecta  real  Ufa  oparatloa  with  a  high 
degree  of  real  laa.  Thlo  la  true  froa  the  technical ,  operational  aad  hijaaa  viewpoint  a  ■  Aay  dlaruptloaa 
which  eight  affact  a  regular  flight  caa  be  Introduced  aad  accounted  for.  Including: 


aircraft  oparatloa:  lncldanta  covered  by  the  uaa  of  the  airllaa'a  tralalag  facllltlee; 
radar  laforaatlon:  Interruption  for  Halted  parioda  of  tlaa; 

radio  frequency  occupancy:  channel  used  at  critical  aoaaata  for  aaargeacy  aasaagea; 

coaaualcat Iona  aad/or  coatrol  aad/or  navigation  aabigultlea  raaultlag  froa  huaaa  arrora  oa  the 

ground  or  In  the  air; 

traffic  situations  calling  for  laaadlata  control  action  such  as  conflict  avoidance  or  resolution; 
adverse  weather  conditions  calling  for  route  aad/or  altitude  clearance  alterations  aad  change  In 
aircraft  operation  (a.g-  de-lclng); 

aay  perturkatloaa  resulting  froa  errors  In  aataorologlcal  forecasts,  ClITlA'a  aircraft  knowledge 
(performance  and  operational  procedure),  aircraft  state  variables  (radar  position  and,  la  1/1 
node,  avaraga  ansa),  ate. 


Section  5  contains  a  saapla  of  trajectories  flown  racantly  on  the  SAUNA  DC-10  flight  elaulator:  It  Illus¬ 
trates  the  reallsa  of  the  slaulatloa  environment  as  outlined  In  thasa  paragraphs. 
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TVs  ipftotcli  procedure  Is  (hows  schaaetically  la  Figure  1.  Th*  aircraft  coai^  f  ran  London.  U.*.,  ln- 
Iwrt  ts  Iruaaala,  be  lglwn ,  la  KMulal  to  Isllw  tka  rout*  aa  shews  (Davor,  lotaj,  Nackel,  Ullt|aa, 
b*M,  Draaaala).  It  aay  aspect  a  frofllo  descent .  •  standard  lnkoual  root*  to  Druaaola  uf  radar  «#c- 
torlaa  far  ILS  approach  aa  baa;  25  loft. 

Thv  landing  lUa  1*  determined  at  aaaagam* at  1***1  la  a|»n«a»l  with  th*  control  ualta  coocaraod  dwo  the 
aircraft  aatar*  tka  tan *  -  or  t  drouth  adequate  coord  loot  loe  da*  it  pease*  Dover  -  aad,  at  th*  sea*  (la*, 
tka  ralatad  characteristics  of  to*  trajectory  (cretse/daacaat /approach  *****  profile  aad  Itaal  path  geog¬ 
raphy)  ar*  Oaf  land  accordingly. 

1.2.  Control  variable* 


Aircraft  a pood  aad  tra factory  geography  cover  to*  two  f madaaaatal  categories  of  control  variable*  avail¬ 
able  to  guide  tba  aircraft  accurately  to  touchdown.  In  addition,  alloration  of  th*  vertical  profit*  coo- 
po**at  any  alao  b*  cooaldarod  aa  a  aourc «  of  tra factory  control.  Strictly  • peak lap,  however,  thl*  fall* 
within  the  'aircraft  a  peed'  control  category  even  If  th*  ralatad  directive*  ar*  eapreaaod  In  tarn  of 
altitude  clearance*,  a*  dlacuaaed  subsequently. 

C1IIT1A  Incorporate*  th*  aircraft  performance  for  each  aircraft  type  together  with  the  flight  procedure* 
th*  airline  operator  prefer*.  The  knowledge  background  alao  cover*  the  geography  of  th*  area  Including  a 
preclae  definition  of  th*  way-polnta.  navigation  aid*  aad  landing  facllltlaa.  With  thl*  detailed  lnfor- 
aatlon  In  It*  elad,  a  good  *****  of  huaan  under* tending,  a  real  coapeteac*  for  eatrapolat lag  an  ohnerved 
path  and  a  remarkable  capacity  for  gaaaratlag  on-line  th*  trajectory  which  will  anet  th*  management 
requirements ,  CINT1A  provide*  guidance  directive*  directly  uaabl*  by  th*  air  traffic  controller  and  fully 
coapatlbl*  with  th*  aircraft  operation. 

1. J-  Principle*  of  application  to  an  Inbound  flight 

Th*  application  of  CiNTlA  control  capability  to  an  Inbound  flight  Is  suggested  In  figure  1. 

dhen  the  aircraft  eater*  the  son*,  altitude  and  rout*  clearance*  ar*  confirmed-  for  th*  en-rout*  phase, 
the  cruise /descent  speed  profile  la  th*  essential  control  variable.  Accordingly,  either  at  entry  or  at 
SOM  later  position,  cruise  speed  will  be  part  of  th*  control  directive  (CTL-l).  of  course,  rout*  amend- 
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Sch«»A‘it  trajeetor*  of  a  flight  inbound  to  Brussels 
Illustration  of  th*  characteristic  coatrol  points 

Figure  1 


mu  ai{f  be  ••  (Mil  ti  altitude  rest  r  let  Iona ,  ee  will  to  shown  later  In  this  paper  (reduction 
of  routs  length  whenever  possible,  conflict  resolution  actions,  adverse  weather  avoidance,  etc.). 

after  notification  of  the  crulaa  speed  to  the  aircraft,  CIMTIA  presents  the  expected  an-route 
descant  conditions,  that  la  to  say  the  descent  spsad  and  the  position  at  which  tbs  transition  f roe  crulaa 
to  descant  la  to  be  Initiated  (CTL-2). 

During  or  close  to  the  end  of  tbs  en-rouce  descent,  CIMTIA  specifies  the  final  pert  of  the  trajec¬ 
tory  ( CTL- 3 ) .  Ibis  nay  Include  several  coepoaeata,  naaely  spend  Indications ^including  regulations 
applied  In  the  area),  turn  to  been  lag  and  turn  for  IU  Interception  sa  Illustrated  In  figure  4.  This  dla- 
gran  shows  the  final  part  -  extending  f roe  Hacks  1  to  touchdown,  about  45  to  75  an  -  of  three  trajectories 
flown  on  tbs  DC-10  flight  simulator  of  UHU,  Belgian  World  Airlines-  In  case  (a),  only  one  control 
directive  was  needed  corresponding  to  the  definition  of  the  final  turn  for  1LS  Interception-  In  case  (4), 
the  approach  to  the  IL5  was  aada  In  two  steps,  firstly  a  turn  to  base  leg  aod  secondly  the  final  turn  for 
ILS  interception.  finally.  In  case  (c),  at  the  end  of  the  secood  turn,  CIMTIA  also  suggested  a  reduction 
of  the  speed  to  want  the  allocated  landing  tine  and  thus  to  ensure  safe  separation  froa  the  preceding 
aircraft  in  the  landing  sequence. 

1.4.  Surveillance,  navigation  and  co— unlcatlona 

Besides  the  surveillance  radar  Information  providing  the  aircraft  position  every  5  or  12  seconds,  C11TT1A 
accounts  (or  part  of  the  available  onboard  equipment  (cf-  flt-27  versus  B-7S7  onboard  navigation  and  cow- 
put  log  equipments)-  Also  It  relies  on  and  adapts  itself  to  the  following  aids  for  the  framing  and  trans- 
aiaslon  of  the  control  directives- 

The  specific  control  actions  (sae  above  actions  pertaining  to  CTL-1,  CTL- 2 ,  CTL-  ):(a),  (b)  and  (c))  must 
be  Initiated  at  specific  positions-  These  positions  ars  expressed  In  terms  of  DHE  distances  to  stations 
normally  used  tor  navigation  purposes  in  the  eras-  In  the  example  depicted  in  figure  1,  these  stations 
are  successively  Kokey,  Affllgem  and  Bruno. 


With  respect  to  communications,  two  modes  of  operations  are  envisaged.  In  the  present  mode  of  I/T  com¬ 
munications,  CIMTIA  displays  the  directives  to  the  air  traffic  controller,  who  relays  then  to  the  cockpit 
after  approval-  The  directives  are  froxan  soma  JO  to  60  seconds  In  advance  to  allow  for  human  response 
delay  and  frequency  occupancy.  In  line  with  present  B/T  communications,  C1NT1A  actually  tailors  its 
messages  for  direct  transmission  to  the  aircraft  -  after  presentation  to  and  approval  by  the  con¬ 
troller  -  via  an  automated  digital  ground/alr/ground  link  (this  subject  la  discussed  further  In 
deference  12). 

1-5-  ClXTlk/Coot roller  Interface 

The  main  consideration  during  the  design  of  the  ClMTlA/slr  traffic  controller  Interface  was  to  reduce  as 
far  as  possible  the  controller's  workload.  To  that  effect  it  was  decided  on  the  one  hand  to  Include  the 
CIMTIA  directives  direct  la  the  aircraft  label  on  the  synthetic  radar  display  rather  than  to  display  then 
on  a  separate  EDO  (Electronic  Data  Display). 

On  the  other  hand,  It  was  aaaeatlal  to  avoid  as  far  as  possible  any  requirement  for  controller  Input  to 
CIlfTlA.  Accordingly,  If  a  controller  vectors  the  aircraft  away  from  the  planned  route  It  la  not  necessary 
to  notify  this  to  CIMTIA-  It  la  sufficiently  Intelligent  to  follow  the  flight  path  and  consequently  to 
suggest  to  the  controller  what ,  at  each  Instance,  the  next  control  directive  should  be  In  order  to  arrive 
froa  the  present  position  at  the  correct  slot  In  the  landing  Sequence  - 
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4. 1 .  Sequence  of  ground/alt/ground  messages 

In  order  to  give  a  fair  idea  of  the  operational  procedure.  It  is  proposed  to  follow  the  sequence  of 
CIMTIA  -  Air  Traffic  Controller  -  Aircraft  Pilot  exchanges  for  a  flight  whose  geography  la  as  shown  in 
Figure  )•  Table  1  lists  a  net  of  messages  generated  by  CIMTIA  (those  messages  requiring  air  traffic  con¬ 
troller  action,  and  the  neeaages  being  displayed  when  say  other  massage  was  Initiated  or  anawered  by  the 
ground)  and  the  complete  set  of  grouad/alr/groumd  messages  exchanged  during  the  tools  flight  from  entry  to 
touchdown.  The  massages  generated  by  CIMTIA  are  placed  In  a  rectangular  frame.  They  ere  black  and  whits 
copies  of  the  label  appearing  on  the  radar  screen  (aee  Section  5) .  The  messages  originating  In  the  cock¬ 
pit  are  written  la  oblique  characters  sad  start  with  tba  call  "BBUSSBLS,  SN123".  Those  sent  by  the  air 
traffic  controller  nee  straight  characters  and  usually  etsrt  with  tba  call  "SM  123,  Brussels:" 

The  translation  of  the  CIMTIA  directives  appearing  In  the  label  Into  cloar  ATC  phraseology  results 
dlractly  from  the  table.  Nevertheless,  for  the  sake  of  completeness,  sons  Individual  aspects  will  be 
disc eased  briefly. 

4.2.  Structure  and  content  of  CIMTIA  messages 


The  labels  available  for  the  CIMTIA  message  provide  a  capacity  of  3  lines  of  •  characters.  Although 
ttolr  content  nay  vary  from  one  phase  of  the  flight  to  another,  there  ars  some  constant  elements. 

(1)  TV-  first  line  Includes  the  aircraft  callsign,  "SM123"  in  the  axaapla,  then  the  aircraft  cate¬ 
gory  (*M*  for  heavy,  *M"  for  medium  and  "L“  for  light),  sad  finally  the  position  of  the  air¬ 
craft  la  the  laadlag  sequence ,  "1"  to  T  or  If  the  aircraft  occupies  a  position  whose 
rofereaca  la  larger  than  9.  This  last  Information  Is  not  generated  by  CIMTIA  but  originates 
from  the  BOMS  module  which  deals  with  the  air  traffic  naaagemant  aspects. 
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(2)  The  second  line  usually  displays  Che  altitude  expressed  in  Flight  Levels  and  the  ground  speed 
as  derived  fron  radar  Information*  On  request,  CINTIA  will  provide  the  distance  to  touchdown 
("track  miles")  Instead  of  the  derived  ground  speed;  in  this  case,  a  decimal  point  will  con¬ 
firm  that  the  Information  displayed  is  distance* 

(3)  The  third  line  essentially  contains  CINTIA  control  directives*  Clearly,  the  content  of  the 
directives  varies  from  phase  to  phase*  When  it  is  time  to  relay  the  directive  to  the  aircraft, 
the  appearance  of  Che  message  (3rd  line  only)  changes  e.g*  a  colour  change  from  yellow  to  red 
or  from  normal  display  to  flashing  depending  on  the  type  of  equipment*  After  the  time  the 
relevant  action  should  have  been  initiated  by  the  pilot,  the  appearance  of  the  message  (3rd 
line  only),  changes  again  (e*g.  to  green  or  low  Intensity),  which  should  remind  the  controller 
which  action  was  expected  if  it  has  not  been  initiated  -  for  Instance,  if  the  pilot  does  not 
turn  in  time  the  controller  will  send  a  reminder  and  CINTIA  will  use  whatever  control  range 
is  available  to  compensate.  Note;  In  Table  1,  the  mark  "XXX"  next  to  the  directive  Indicates 
that  the  appearance  has  changed  and  that  the  message  should  be  sent. 

4.3.  Sequence  of  phases  of  flights 

For  ease  of  reference  in  Table  1,  the  various  messages  which  follow  each  other  chronologically  have  been 
grouped  by  flight  phase. 

At  entry  into  the  Zone,  the  exchanges  reflect  present  practice.  CINTIA's  displayed  message  requires  the 
aircraft  to  initiate  transition  to  280  KIAS  cruise  speed  at  36  nm  before  Koksy.  This  message  is  sent  when 
requested  (XXX),  and  subsequently  CINTIA  presents  continuously  the  next  control  directive  "Expect  descent 
at  ..-DME  before  Koksy”,  which  will  mark  the  end  of  the  cruise  phase  and  the  beginning  of  the  descent 
phase .  Its  content  may  change,  simply  because  the  flying  conditions  have  changed  and/or  ROSAS  has  allo¬ 
cated  a  different  landing  time.  CINTIA  has  adapted  the  remaining  part  in  order  to  meet  the  final  cons¬ 
traint  ("Descend  at  5nm  DME  before  Koksy  at  270  KIAS"  Instead  of  "Descend  at  6  nm  -DME  before  Koksy  at 
280  KIAS").  For  the  en-route  cruise  and  descent  phases,  speed  profile  is  to  be  expressed  in  terms  of  both 
Mach/CAS.  As  already  understood,  the  space  available  forces  us  to  express  such  a  profile  in  the  form 
mmm/ss  where  the  Mach  number  is  expressed  in  hundredths  and  the  calibrated  airspeed  in  multiples  of  ten 
knots.  For  the  lower  phase  of  the  descent,  the  Mach  component  is  no  longer  applicable.  The  speed  is 
accordingly  expressed  in  knots  and  space  is  available  to  display  the  full  code  of  the  DME  station. 

After  the  en-route  descent,  CINTIA  will  display  the  next  directive,  namely  the  instructions  defining  the 
turn  for  base  leg,  which  is  called  the  "base  turn"  phase  in  Table  1.  The  message  says  “At  6.0  nm  DME 
before  Bruno,  turn  right,  heading  120  for  base  leg".  At  the  request  of  the  pilot  relayed  by  the  air 
traffic  controller,  CINTIA  will  give  the  distance  to  go.  Then  CINTIA  warns  the  controller  that  12  seconds 
from  now  he  should  Instruct  the  pilot  to  turn  right  heading  220  to  Intercept  ILS  (phase  entitled  "Final 
turn  and  ILS  interception  and  landing"  in  Table  1).  After  the  turn,  CINTIA  estimates  the  aircraft  arrival 
to  be  earlier  than  expected  and  gives  the  speed  which  would  bring  the  aircraft  nto  schedule.  Sub¬ 
sequently,  the  time  of  arrival  is  estimated  to  be  within  the  10-second  accuracy  margin,  and  CINTIA  indica¬ 
tes  that  this  is  so  by  displaying  the  message  "....". 


5.  REAL  TIME  EXPERIMENTS 

5.1.  Use  of  airline  flight  simulators 


A  number  of  simulations  were  conducted  using  several  airline  flight  simulators,  viz  SABENA,  Belgian  World 
Airlines,  Brussels  (Boeing  B-737  and  McDonnell  Douglas  DC-10);  British  Airways,  London  (Boeing  B— 75 7) ; 
Deutsche  LUFTHANSA,  Frankfurt  (Airbus  A-300  and  Boeing  B-737);  NLM  City  Hopper,  Amsterdam  (Fokker  F-27 
and  F-28)  and  the  research  flight  simulator  of  the  Dutch  Aerospace  Laboratory  (NLR,  Amsterdam).  In  order 
to  illustrate  this,  reference  has  been  made  to  the  results  of  the  experiments  conducted  recently  (16  and 
16  April  and  16  May  1986)  using  the  SABENA  DC-10  flight  simulator  operated  by  Captain  J.  Putz  and  dif¬ 
ferent  crew  members  on  each  date. 

5.2.  Nominal  flight  conditions 

It  has  already  been  shown  previously  that  the  accurate  control  of  the  en-route  cruise  and  descent  phases 
may  require  only  two  or  possibly  three  control  actions  (Ref.  4,  Paper  11),  the  critical  portion  being  the 
final  part  of  the  trajectory,  say  from  10,000  feet  until  touchdown.  Accordingly,  recent  experiments  were 
limited  to  the  final  phase  defined  as  follows.  Flights  Inbound  to  Brussels,  landing  on  runway  25  L,  were 
referred  to  CINTIA  on  arrival  over  Mackel,  nominal  conditions  (horizontal  flight,  altitude  10,000  feet, 
indicated  airspeed  250  knots),  say  about  65  to  75  nm  from  touchdown.  CINTIA  computes  the  nominal  trajec¬ 
tory  between  Mackel  and  touchdown  in  terms  of  the  traffic  (landing  slot  position)  and  in  accordance  with 
environmental  conditions  (meteorological  forecast,  anticipated  approach  procedure,  etc.).  As  in  en-route 
practice  (see  Section  3),  the  transition  from  horizontal  flight  to  descent  phase  was  computed  on  the  basis 
of  this  nominal  trajectory.  For  the  purpose  of  the  experiments  CINTIA  was  allowed  effective  control  only 
after  the  aircraft  had  left  PL100.  This  allowed  the  accumulation  of  considerable  errors  close  to  the  base 
turn  point,  thereby  rendering  the  control  of  the  final  part  even  more  critical. 

5.3.  Sample  of  trajectories 

The  horizontal  projections  of  the  flights  Included  in  the  sample  may  be  seen  in  Figure  5.  For  the  sake  of 
clarity,  this  sample  is  shown  aa  two  subsets  on  the  diagram.  As  it  appears  from  the  figures  three  cate- 
gorlea  of  trajectories  can  be  identified. 

(a)  flights  following  the  planned  route  (Mackel,  Affllgem,  Bruno,  Brussels); 

(b)  flights  going  direct  towards  Bruno; 
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ROGER 

MAINTAINING  FL  310 

STANDARD  INBOUND  ROUTE  FOR  RWY2SL 


CRUISE 


SNI23  H9 
310  410 
36k  28 


XXX 


SNI23,  BRUSSELS 

AT  36-DME  BEFORE  KOKSY,  ADJUST  SPEED  TO  280KT-CAS 


BRUSSELS.  SNI23 
ROGER 

AT  36-DME  BEFORE  KOKSY.  WILL  ADJUST  SPEED  TO  280KT-CAS 


SNI23H8  SN 123,  BRUSSELS 

3"  412  EXPECT  DESCENT  AT  6-DME  BEFORE  KOKSY 

6k  28 


BRUSSELS.  SNI23 
ROGER 

EXPECTING  DESCENT  AT  6-DME  BEFORE  KOKSY 


DESCENT 


SNI23  H8 
310  402 
5k  27 


XXX 


SNI23.  BRUSSELS 

AT  5-DME  BEFORE  KOKSY  DESCEND  TO  FL  100 
DESCENT  SPEED  270KT-CAS 


BRUSSELS.  SNI23 
ROGER 

A  T 5-DME  BEFORE  KOKSY  WILL  DESCEND  TO  FL  100 
DESCENT  SPEED  270KT-CAS 


SN  123  H6 
115  320 

4afi  250 


XXX 


SNI23,  BRUSSELS 

AT  4-DME  BEFORE  AFFLIGEM  DESCEND  TO  2000  FT  AND 
AT  SAME  DISTANCE  REDUCE  SPEED  TO  250KT-CAS 


BRUSSELS.  SNI23 
ROGER 

A  T  4-DME  BEFORE  A  FFLIGE  'I  WILL  DESCEND  TO  2000  FT 
AND  WILL  REDUCE  SPEED  i  J  2S0KT-CAS 


SNI23  H6  SN  123.  BRUSSELS 

100  300  CONTACT  BRUSSELS  ARRIVAL  118.25 

4a  fi  250 


BRUSSELS.  SNI23 
ROGER 


Example  of  CINTI A/CONTROLLER/PILOT  dialogue 
Table  I 


BASE  TURN 


SNI23  H6 
78  297 

6.2  120 


SNI23,  BRUSSELS  ARRIVAL 

EXPECT  BASE  TURN  AT  6.2-DME  BEFORE  BRUNO 


BRUSSELS.  SNI23 
ROGER 

EXPECTING  BASE  TURN  A  T  6.2  -DM E  BEFORE  BRUNO 


SNI23  H5 
40  280 

6.0  120 


XXX 


SNI23.  BRUSSELS 

AT  6.0-DME  BEFORE  BRUNO,  TURN  RIGHT 
HEADING  120  FOR  BASE  LEG 


BRUSSELS,  SNI23 
ROGER 

AT  6.0-DME  BEFORE  BRUNO 

WE  TURN  RIGHT.  HEADING  120 

WOULD  YOU  GIVE  US  THE  DISTANCE  TO  GO  ’ 


SNI23  H5 
38  14. 

6.0  120 


SNI23,  BRUSSELS 
TRACK  MILES  TO  GO:  14. 


BRUSSELS.  SN123 
ROGER 

TRACK  MILES  TO  GO  14. 


FINAL  TURN  FOR  ILS  INTERCEPTION  AND  LANDING 


SNI23  H3 
29  762 

220  12s 


SN123  H3 
27  251 

220 


SNI23  H2 
25  250 

220 


SNI23  HI 
21  186 
E  160 


XXX 


XXX 


SN123,  BRUSSELS 

TURN  RIGHT,  HEADING  220  TO  INTERCEPT  ILS 


BRUSSELS.  SN123 

TURNING  RIGHT,  HEADING  220  TO  INTERCEPT  ILS 


SN123,  BRUSSELS 

REDUCE  SPEED  TO  160KT-CAS  AS  CONVENIENT 
REPORT  WHEN  ESTABLISHED  ON  ILS 


BRUSSELS.  SNI23 

ROGER.  REDUCING  TO  160 

WE  WILL  REPORT  WHEN  ESTABLISHED 


SNI23HI  SN123.  BRUSSELS 

20  185  ROGER 


BRUSSELS.  SNI23 
ESTABLISHED  ON  ILS 


SN123  HI 
16  135 


SN123.  BRUSSELS 
CONTACT  TOWER  ON  118.60 


BRUSSELS.  SNI23 
ROGER 


Table  I  (cont.) 


BLW 


(h) 

Sequence  of  messages 

(b) 

Experimental  display  of  CINTIA  messages 
Figure  6 
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(c)  flights  subject  to  major  diversions  to  either  the  North  or  the  South  before  being  directed 
towards  Bruno* 

Atmospheric  conditions  vary  from  flight  to  flight,  as  do  the  accuracy  of  the  meteorological  forecasts 
available  and  a  number  of  other  parameters,  such  as  the  mass  of  the  aircraft,  which  In  the  R/T  communica¬ 
tions  mode  is  not  known  to  the  air  traffic  control  unit* 

The  captain  and  his  crew  followed  current  practice  for  the  operation  of  the  aircraft.  On  several  occa¬ 
sions,  onboard  observers  suggested  major  navigation  errors,  as  well  as  delays  in  responding  to  the  ground 
controller's  directives* 

5.4.  Experimental  setup 

For  the  experiments,  the  CINT1A  software  was  installed  on  a  microprocessor*  The  radar  data  were  provided 
by  another  microprocessor  directly  connected  to  the  DC10  simulator.  In  this  setup  the  CINTIA/CONTROLLER 
Interface  Is  made  up  of  two  main  components: 

(a)  the  colour  display  simulating  a  synthetic  radar  display  which  shows  the  actual  aircraft  position  and 
the  label  containing  the  Information  from  CINTIA; 

(b)  the  keyboard  allowing  the  controller  to  control  the  display  aspects  and  simulate  ROSAS  decisions. 

The  controller  may  make  three  types  of  requests: 

.  alteration  of  the  background  information  (display  or  not  of  the  way-point  codes;  display  or  not  of  the 
initially  planned  trajectory;  display  or  not  of  the  currently  predicted  trajectory;  display  or  not  of 
the  predicted  position,  etc.); 

.  alteration  of  the  label  contents  (for  Instance  display  of  distance  to  go  Instead  of  derived  ground 
speed) ; 

.  amendment  of  the  time  of  arrival,  either  In  absolute  value  or  relatively,  that  Is  to  say  by  advancing  or 

delaying  the  arrival  time  In  the  landing  sequence  by  one  or  several  positions. 

It  should  be  stressed  here  that  the  Inputs  mentioned  above  only  affect  display  aspects  and  simulate  ROSAS 
suggestions.  Basically,  CINTIA  expects  no  controller  inputs  for  the  generation  of  control  directives  nor 
does  It  require  an  acknowledgement  of  whether  or  not  a  specific  directive  has  been  actually  transmitted  to 
the  aircraft.  As  said  before,  in  this  respect  the  controller  Is  not  part  of  CINTIA' s  Internal  control 
loop  and  the  air  traffic  controller  has  complete  freedom  as  to  which  decisions  he  actually  takes,  and 
when.  CINTIA  will  just  follow  and  adapt  itself  to  the  new  situation. 

5.5.  Display  of  ATC  directives 

The  labels  presented  on  Che  radar  display  -  of  which  a  sample  is  used  In  Table  I  -  appear  as  shown  in 
Figure  6(b).  The  sequence  of  photographs  used  for  this  illustration  pertains  to  the  flight  shown  In 
Figure  6(a). 

5.6.  CINTIA* s  control  flexibility 

After  a  series  of  tests  conducted  In  various  operational  conditions,  CINTIA's  accuracy  level  has  been  set 

to  10  seconds  (for  the  expected  time  of  arrival  at  the  runway  threshold),  this  value  being  used  for  the 

set  of  experiments  referred  to  in  this  paper. 

During  these  simulation  sessions,  23  flights  were  made  in  the  presence  of  representatives  of  the  Air  Traf¬ 
fic  Services  Authorities.  The  interest  of  the  participants  -  external  observers  included  -  covered,  in 
particular,  CINTIA's  response  to  various  perturbations.  The  following  paragraphs  aim  at  outlining  the 
disturbances  injected  to  assess  the  capability  of  CINTIA  to  maintain  safe  conduct  of  the  flight  while 
ensuring  the  arrival  time  within  the  expected  10-second  accuracy. 

Regarding  the  atmospheric  conditions,  meteorological  forecasts  were  in  error  (20  deg.  and  10  kt  for  the 
wind  orientations  and  magnitude  respectively;  presence  of  turbulence;  requirements  for  de-icing).  The 
surveillance  information  was  missing  on  occasion  (for  up  to  20  seconds);  the  CINTIA  operated  on  both  5  and 
12-second  transfer  rates. 

Aircraft  operation  included  a  number  of  options  such  as  manual  conduct  or  use  of  automatic  facilities  for 
acceleration  and  deceleration  phases,  similarly  for  navigation  and  guidance,  especially  in  turns  and  during 
approach  and  landing  phases.  In  addition,  incidents  were  generated  in  the  aircraft;  for  instance,  during 
one  flight  the  final  approach  was  made  with  one  engine  of  the  aircraft  on  fire.  The  mass  of  the  aircraft 
was  not  communicated  to  CINTIA.  The  value  used  on  the  ground  corresponded  to  the  average  mass  for  this 
particular  aircraft,  while  the  aircraft  mass  could  vary  between  the  minimum  and  maximum  limits. 

The  Human  concentration  both  on  the  ground  and  in  the  air  was  deliberately  disturbed  -  although  the  pre¬ 
sence  of  observers  in  the  cockpit  and  at  the  air  traffic  control  unit  already  constituted  a  source  of 
perturbation.  In  the  cockpit,  the  captain  delayed  the  initiation  of  action  required  by  the  controller 
till  the  ground  directive  was  repeated  imperatively  -  for  instance,  delays  for  turning  to  base  leg  reached 
one  mile  and  there  were  errors  of  20kt  on  the  speed  during  cruise  and  descent.  On  the  ground,  the 
controller  omitted  to  clear  the  aircraft  for  the  second  part  of  the  descent,  which  appreciably  altered  the 
vertical  component  of  the  trajectory. 

Also,  in  view  of  the  traffic  situation,  ROSAS  inputs  were  simulated,  the  position  of  the  aircraft  in  the 
landing  time  sequence  was  modified  in  the  course  of  the  flight  and  CINTIA  automatically  amended  its  lns- 
tructlons  accordingly. 


Flight  SN410  160486 


RW25-L 


Flight  follows  initially-planned  route 
(a) 


On  pilot's  request,  flight  is  allowed  to  proceed  direct  to  Bruno 

(b) 


Flight  guided  northwards  for  conflict  resolution 
(c) 


Illustration  of  CINTIA's  navigation  flexibility 
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Cja«m  to  route  war*  Initiated  atchar  at  tha  request  of  tha  captain  or  at  tba  discretion  of  tba  coe- 
troller.  For  change*  of  routa  aueb  a*  those  shown  In  Figure  7(b),  tha  controller  aanda  tba  authorisation 
or  lnatructlon  to  tha  aircraft  by  k/T,  without  dlract  Input  to  CINTIA.  Navarthalaaa,  CINTIA  will 
recognise  tha  change  of  routa  and  generate  tha  subsequent  lnatructlona  accordingly  (alallarly,  CINTIA 
would  racognlaa  changaa  In  tha  vartlcal  profile,  auch  aa  daacant  Interrupt  Iona,  and  aaand  lta 
prediction*) . 

In  addltloo,  a  nunbar  of  Incident*  warn  craatad,  leading  to  appreciable  deviation*  fro*  the  uaual  routaa, 
aa  nay  b*  seen  In  Figure  7(c).  Deviation*  war*  aad*  both  northward*  and  (outhwarda,  alnulatlng  conflict 
resolution,  advara*  waathar  avoidance  and  other  error*  raaultlng  froa  a  colnctdanc*  of  poaalbl*  mis¬ 
understanding  between  tha  controllar  and  tha  pilot. 


6.  CONCLUSIONS 


Tha  accurate  4-D  conduct  of  flight  will  bacon*  a  prerequisite  of  any  *y*t*n  alalng  at  aanaglng  air  traffic 
efficiently  In  taraa  of  aafaty,  expedition,  aconony  and  capacity.  The  Control  of  Inbound  Trajectories  of 
Individual  Aircraft  (CINTIA)  naka*  It  poolbl*  to  anvlaag*  the  delivery  of  aircraft  at  the  runway 
thraabold  within  a  ten-aecond  accuracy  (without  ayatanatlc  uaa  of  atacklng  facility),  even  though  landing 
slot  allocation  1*  effected  at  entry  Into  the  lone,  sone  100  to  200  nn  froa  touchdown. 


The  procedure  Initially  developed  for  application  In  the  Zona  of  Convergence  context  1*  directly  appli¬ 
cable  to  all  syateaa  Involving  a  tlae-of-arrlval  constrained  coaponent,  that  Is  to  say,  In  particular  all 
systaaa  designed  to  accoaaodate  aaxiaua  traffic  density  with  liaitad  capacity  at  alnlaua  cost. 

Experlasnts  have  been  perforaad  In  order  to  assess  the  accuracy  of  the  procedure  and  Its  stability  In  tha 
face  of  varlou*  perturbations  originating  froa  a  variety  of  sources  as  suaaarlsed  below.  The  raal-tiae 
experlnents  were  conducted  In  a  realistic  aannar  with  tha  participation  of  professional  approach 
controller*  and  alrlln*  craw a.  Slaulatlona  war*  aad*  using  various  flight  slaulators.  The  Illustrations 
used  In  this  paper  derive  froa  the  experiments  conducted  on  the  SABENA,  Belgian  World  Airlines,  DC-10 
flight  slaulator. 

CINTIA" s  directive*  were  diaplayed  In  the  labels  on  the  radar  screen  (essentially  one  line  of  eight 
characters)  In  a  fora  easily  translated  Into  current  phraseology  by  the  air  traffic  controller  for  R/T 
tranaalsslon  to  the  aircraft  pilot. 

The  operation  of  the  systea  was  appreciably  disturbed.  The  causes  of  perturbation  Included: 

.  uncertainties  In  aeteorologlcal  forecasts; 

.  alteration  of  Initial  plans  (route  changes;  vertical  profile  aodlf Icatlons;  revision  of  position 
In  landing  tlae  sequence,  etc.); 

.  aircraft  operation  options  (aanual  or  autopilot  nodes); 

.  uncertainty  regarding  aircraft  aass,  of  which  only  the  average  value  for  the  particular  aircraft 
type  Is  known  In  the  R/T  node  of  coaaunlcatlons; 

.  huaan  fallibility  both  In  the  air  and  on  the  ground  (aggravated  by  the  presence  of  observers), 
leading  to  appreciable  errors  in  coaaunlcatlons,  navigation  (horizontal  and  vertical)  and 

speed; 

.  particular  events  and  Incident*  (conflict  resolution,  adverse  weather  conditions,  etc.),  leading 
to  vertical  and  horizontal  guidance  Instructions  snd  appreciable  off-route  deviations. 

As  a  result  of  these  tests,  It  appesrs  that  CINTIA  enables  the  controller  to  guide  the  aircraft  safely  to 
touchdown  with  a  high  degree  of  accuracy  (10  sec.).  CINTIA  would  aalntaln  the  tlae-of-arrlval  In  spite 
of  the  uncertainties  Inherent  to  the  present  setup.  Furthermore,  CINTIA  would  adjust  Its  Instructions  to 
the  controller  to  take  account  of  the  various  perturbations  which  nay  affect  the  conduct  of  the  flight. 
In  this  respect,  CINTIA  offers  a  wide  range  of  control/navlgatlon  flexibility.  It  will  adapt  to  plans  and 
alterations  automatically,  both  horizontally  and  vertically  without  any  specific  computer  Input  by  the 
controller. 

In  conclusion,  CINTIA  provides  efficient  autonatlc  assistance  to  the  controller  to  enaure  the  accurate 
conduct  of  optlaua  trajectories  froa  entry  Into  an  extended  advanced  THA  until  touchdown.  The  messages 
displayed  by  CINTIA  are  clear  and  comprehensive,  suitable  for  operation  In  the  present  R/T  conaxinlcatlons 
environment  and  directly  adaptable  to  future  automatic  digital  ground/alr/ground  links. 
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Bua  du  Brogria,  SO,  t-1210  Sruaallaa 


SCH4AIRE 


Bona  l  'avenir,  tout  concept  a  mettr a  an  oeuvre  pour  assurer  un  iooulemsnt  air  at  ordonni  da  la  oiroulation 
airiems  (dona  laa  conditions  vouluaa  da  rapiditi,  d'ioonomie  at  da  oopoeita  da  priaa  an  charge  du 
ayatima)  aa  caraoteriaera  trie  probablamant  par  daux  a  la  manta  aaaantiala,  itroitamant  intardapandonta . 
D'una  part,  par  la  gaation  an  diraat  da  la  oiroulation  airiarma  aur  una  rag-ion  da  pranda  et endue  -  dont 
laa  dimanaiona  aaront  ou  moina  oallaa  d'una  Iona  da  Conoarganoa  maia  qui  pourrait  a' atandra  a  un  oontinant 
tout  antiar  -  parmattra  d'itablir  I'haura  d'arrivaa  at  da  depart  pour  ohaqurn  adronef  entrant  dana  lodita 
region,  tout  an  fixant  laa  prinoipalaa  oaroetaniatiquaa  daa  trajaetoiraa  da  vol  oorraapondantaa .  D' autre 
part,  il  faudra  definir  una  procedure  oparatiomalle  da  oontrSla  propra  a  guidar  cheque  vol  avao  precision 
aur  I'anaambla  da  eon  itinaraire  dana  la  region  eoit,  dans  la  oaa  d'una  Zona  da  Convergence,  dapuia  la 
moment  ou  il  y  antra  juequ'au  toucher  daa  rouaa,  on  oonformita  avao  laa  direetivea  ragieaant  la  gaation  da 
la  oiroulation  aerieme  at  talon  laa  pratiques  d' exploitation  en  vigueur  ( tant  a  bord  daa  aaronafa  qu'au 
aol) . 

la  priaant  document  paste  an  revue  laa  prinoipalaa  oaroctariatiquae  operatiomellee  d'una  procedure  da 
oontrdle  qui,  tout  en  aatiafaieant  aux  oontraintea  enonoiaa  plus  hout,  parmat,  aoua  reserve  d'eventuellsa 
modifications  ultirieurea,  da  reapaotar  a  10  eeoondee  pria  I'haura  d'arrivaa  initialement  prevue  au  moment 
da  I'ontrja  dana  la  tone.  Klaboree  pour  laa  aaronafa  da  transport  d'aujourd'hui,  aette  prooidure  eat 
valabla  tant  pour  l ' environnement  R/T  actual  qua  pour  oalui,  plus  aloigna  done  I'avanir,  oil  lea  com¬ 
munications  as  feront  agalamant  par  liaiaons  da  donnaea. 


*Dr.  A.  Benoit  eat  igalamant  Chargi  da  ooura  i  la 
faeulti  daa  Seianeaa  appliquiaa, 

Vnivaraiti  oatholique  da  Louvain, 

B-1349  Louvain-  la-Rsuve . 
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i.  istmpuction 

Dwa  las  malta  d  vsnlr,  la  dens ltd  du  traflc  adrlao  coaaaltra  probablammmt  una  augmentation  continue, 
blaa  qu'll  n'exlsts  pour  l'Kurope  occldaotala  aucun  pro Jut  da  graada  envergure  aa  aacldra  da  coaatructloa 
da  oouvaaux  (raada  adroporta  ou  d'autraa  (raodaa  alraa  d'atterrlssage.  Lea  comsdquences  da  ca  double  pro- 
aoaclc,  qul  aa  data  paa  d'aujourd'bul,  oat  d<Jl  it<  ddbattuas  lora  da  prdcddaats  colloquss  da  1'IUU. 
L' analyse  qul  aa  a  it<  falta  portait  aur  laa  ratarda  (rdf.  1,  1972),  aur  la  rapiditd  at  l'afflcacltd  da 
l'icoulaaaat  du  traflc  (rdf.  2,  197})  at  aur  laa  poaalbllltda  d'dcoooals,  notammant  da  carburaat  (rdf.  1, 
1979  ;  rdf.  4,  1992),  alora  qu'll  aaiabla  aujourd'hul  qua  ca  aolt  la  capacltd  da  prlaa  aa  charge  daa  systd- 

aaa  qul  rapaaaa  au  premier  rao(  daa  prdoccupatloaa  (rdf.  S,  1994  ;  rdf.  6,  199b). 

La  Dlractlon  tachalqua  da  l'Orgaolaatloa  auropdanna  pour  la  Sdcurltd  da  la  Ma«l(atloa  adrlaaaa  EUROCONTROL 

a  ala  au  polat  uoa  adthoda  pour  la  (aatloa  afflcaca  da  la  clrculatloa  adrlaaaa  at  la  coatrdla  prbcla  da 
cbaqua  vol  daoa  uoa  rdgloa  da  (raada  dtaodua  eoglobant  uaa  aoaa  taratoala  laportaata  at  bvaotuallaaant 
plualaura  adroporta  aacoadalraa,  rdgloa  ddnnmmdi  Zoaa  da  Coavargaaca.  Ca  systdme  coaporta  daua  dldmants 
aaaaatiala,  dtroltaaaat  lntar-ddpendants  : 

(a)  D'uae  part,  ua  ayatdaa  da  gaatloa  du  traflc  appald  'Systdme  rdgloaal  d'ordooaancaaant-rdgulatton  daa 
vols"  ('Regional  Orgaalaatloo  of  tha  Saquaoclng  aad  Schadullog  of  Aircraft  Syataa  -  ROSAS'). 

(b)  O'autra  part,  la  rdgulatlon  prdclaa,  daaa  laa  quatra  dlaaoatona,  da  chaqua  vol  prdaant  dana  la  aooa 

conalddrda,  an  conforaltd  daa  dlrcctlvaa  dtabllaa  pour  la  geatlon  du  traflc.  Ca  dauxldaa  dldaant  aat 

connu  aoua  l'appallatlon  'Rdgulatlon  lndivldualla  daa  trajactolraa  d'arrlvde"  (Control  of  Inbound 

Trajectorlaa  of  Individual  Aircraft  -  CINTIA). 

La  ayatdaa  R0SAS/CINT1A  aat  coofu  pour  rdpondra  d  un  trlpla  lapdratlf  :  dconoala  da  vol,  rapiditd  d'ache- 
alncaant  du  traflc,  capacltd  optlaala  du  ayatdaa  da  contr91a.  II  aatlafalt  aux  axlgancaa  daa  coapagnlea 
adrlannaa  an  ca  qu'll  rddult  d  un  alnlaua  laa  dcarta  par  rapport  au  prof  11  da  vltaaaa  lddal  pour  laa  pha- 
aaa  da  aontda,  da  crolaldra  at  da  daacanta,  cael  adaa  an  diract  d  la  daaanda  daa  pllotaa.  En  outra,  la 
altuatlon  da  traflc  qu'll  prodult  of fra  una  adcurltd  accrua,  la  nombre  daa  confllta  potantlala  dtant 
net  tenant  rddult  par  rapport  aux  altuatlona  actuallaaant  obaarvdaa  (rdfdrancaa  7  at  9).  L'dldment  ROSAS 
ddflnlt  lntdgralement  la  trajactolra  da  chaqua  vol  dapula  l'antrda  dana  la  rdglon  Juaqu'au  touchar  daa 
rouaa.  L'dldmant  CINTIA  permet  au  contrdlaur  da  la  circulation  adrlanna  d'aaaurar  pour  chacun  daa  adronafa 
prdaanta  dana  la  aooa  un  guldaga  con forma  aux  dlractlvaa  da  1'lldmant  gaatlon  (ROSAS)  nalgrl  l'actioo  da 
parturbatlona  noabrauaaa  at  d'orlglnaa  trda  dlvaraaa. 

Laa  aaaala  nanda  d  ca  Jour  aur  un  dchantlllon  da  traflc  rdal  obaarvd  dana  laa  rdglona  da  Sruxallaa  at  da 
Londraa  font  apparaltra  qua  lea  algorlthmea  ratenua  pour  la  ROSAS  aont  d  la  fola  afflcacaa  at  flablaa. 
Mala,  loraqu'll  a'aglra  d'appllquer  la  ayatdme  an  condltlona  rdallaa  d’exploltatlon,  11  eat  dvldent  qua 
tout  ddpendra  da  la  qualltd  da  l'dldmant  CINTIA  :  calul-cl  davra  conatltuar  una  procddure  da  navigation, 
da  guldaga  at  da  contrble  qul,  dQaent  coordonnda  antra  l'organlama  da  contrOle  au  aol  at  da  pllote,  avec 
Intervention  dvantualla  da  1 'apparalllage  da  bord,  davra  dtra  aufflaaamant  prdclaa  pour  qua  l'heure  d'at- 
tarrlaaaga  da  chaqua  abronef  aa  altua  d  l'lntdrleur  du  crdnaau  qul  lul  aura  btd  attrlbud  dana  la  adquanca 
ddflnla  lnltlalemant  -  c'est-i-dlre  au  moment  da  son  entrda  dans  la  zone  -  at  *v»ocuel lament  amendbe  aprds 
coup  par  l'organlama  da  gaatlon  de  la  circulation  adrlanna  ou  las  contrSleurs  chargda  du  vol  conslddrd. 

Afln  d'dvaluer  cetta  prdclslon,  on  a  procddd  d  la  simulation  de  l'ensenble  de  la  boucle  da  contrSla  du 
CINTIA,  avec  la  coopdratlon  de  pllotes  da  llgna  at  da  contrBleurs  chevronnds.  Las  rdsultats  acquis  A  ca 
Jour  donnent  d  pansar  qua  I'on  paut,  dans  1 'anvlronnemant  actual  da  communications  rsdlotdldphonlques , 
compter  aur  una  prdclslon  da  l'ordre  de  10  sacondas  au  aeull  da  la  piste  at  qu'd  terms,  dans  un  envlronne- 
mant  automatlsd  avec  liaisons  da  donndes,  catta  valaur  pourra  dtra  mslntenue  pour  das  trajactolraa  da  vol 
attelgnant  200  NM  d  compter  da  l'entrde  dans  la  zone  Juaqu'au  toucher  des  roues.  Una  description  succlnc- 
te  de  la  procddure  de  contrSla  proposda  -  avec  see  aspects  techniques  et  las  rdsultats  da  la  sdria  de 
tests  effectuda  sur  divers  slmulateurs  da  vol  -  a  dtd  prdsentde  d  de  prdcddants  colloques-  Las  taxtas 
correspondents  (rdfdrences  9  et  10)  comportent  en  outre  une  bibliographic  relative  d  das  rdallsatlons 
connaxas.  Pour  l'hlstorlque  de  la  question,  alnsl  qua  pour  les  ddtalls  techniques  et  thdorlquas,  nous  ran- 
voyona  done  le  lacteur  d  ces  publications  antdrleures.  La  prbsente  communication  tralters  unlquement  das 
fonctlons  opdratlonnelles  prlnclpales  du  CINTIA,  son  objet  dtant  d'lndlquer  comment  11  ast  possible  d'as- 
slster  par  ordlnateur  le  dialogue  contrSleur-pllote  et  comment  le  CINTIA  pourrait  dtra  mis  en  oeuvre  dans 
tout  envlronnament  de  contrSla  rbel,  prdsent  ou  futur. 


2.  EHV IRONNEMENT  SIMPLE 

2.1.  Cdndralltde  :  Systdme  de  gaatlon  (ROSAS)  /  rdgulatlon  (CINTIA) 

La  Figure  1  raprdsante  schdmatlquamenr  l'ensenble  du  systdme  da  gaatlon  et  da  rdgulatlon.  L'dldnant 
(ROSAS,  an  l'occuranca)  attrlbua  d  chaqua  adrooaf  entrant  dana  la  zone  un  crdnaau  d'atterrlssaga.  Calul- 
cl  aat  calculd  an  fonctlon  da  la  situation  de  traflc  et  des  autras  conditions  d’axploltatlon,  compte  dQ¬ 
aent  tanu  das  lnpdratlfs  at  contralntes  d'dconomle,  da  rapiditd  d'dcoulaaent  da  la  circulation,  de 
capacltd  du  ayatdaa  at  de  sdcurltd.  La  plan  correspondent  est  alors  renvoyd  aux  fins  da  coordination  aux 
'sactaur(a)'  compdteot(s),  oQ  11  sera  contrQld  au  regard  da  aa  coapatlbllitd  avec  les  conditions  locales. 

Una  fola  accaptd,  sous  rdserva  d'dventuels  aaandeaants,  le  plan  est  transmis  pour  mlse  an  oauvra  d  l’orga- 
nlsaa  da  contrSla  lntdraasd.  A  partlr  de  ca  moment,  le  contrSleur  de  la  circulation  adrlanna  at  la  CINTIA 
fonctlonnaot  afflcacement  comma  entltd  unique,  chargda  da  gulder  l'adronef  et  d'asslstar  la  pilots  dans  la 
conduits  du  vol  Jusqu'd  l'atterrlssage. 
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2.2.  Mtiil«tlo«  quodrldlwoeloooa U«  doe  traloctolraa  :  lltwitl 

La  kUh  da  la  figure  2  reprdeente  ue  poet  a  da  rdgulatloo  quadrldlaanatoona  1  la  dee  trajoctolrae  d'airo- 
oaf  a  daoa  factual  eavl  rwmaaaat  da  cowualcat  lone  radioed  ldpl.uniqov  j  .  C'aat  or|anlaaa  da  geatloo  du  tra¬ 
de  adrlae  qu  l  not  Ida  l 'hour a  d' atterrleeega ,  1  equal  la  pourra  It  re  aodlfldo  daoa  'crtaloa  caa  par  la 

coatrdlaur  local.  Four  alaular  la  proeddora,  oo  a  racoura  aus  dldaaota  l-aprda.  <dot  loa  ralatlooa  aoot 
deal  aaaat  lndlqudev  aur  la  achdaa  (pour  tout  coapldaoat  d’ Inforaatloae  i  ca  s^jat,  voir  la  rdfdraoca  11). 

(a)  La  coadulte  daa  adroaafa  aat  aaaurda  au  aopaa  da  alwlatoure  da  vol  du  typo  actual laoaru  utl- 

1  lad  pour  loa  ewMinlia  adrlooaoa,  daaaorvla  par  doa  fqulpagea  prof oealoanele. 

(b)  L’lnforoatloa  radar  aat  t ranaol aa  au  CINTIA  t  lotorvalloa  do  i  ou  do  12  ao condo a ,  da  oaollra  I 
aloular  dlvora  oodaa  da  pouraulta  radar; 

(c)  La  a  ooraaa  da  coawtnlcat  looa  radlotdldpboolouoa  aoot  aooblablaa  I  caux  qui  aorvant  artualla- 
oaat  au  dialogue  intro  loa  caotroa  da  contrite  at  laa  adrooafa  an  vol  ; 

(d)  Laa  dlrectlvea  da  rdaulat loo  auodrldioanalonnalle  daatladoa  i  chaqua  etrooof  aoot  produltaa 

par  l’ordlnateur  du  CINTIA.  Afflchdea  aur  lv<cran  radar  cooforadaaat  aua  uaagae  opdrat loooola 
actuala,  allaa  pouvaot  dtra  directaaeat  tradultaa  par  la  contrOlaur  oo  oapraaaalooa  coovao- 
tloooollaa  agrddoa.  La  coatrdlaur  aat  an  outro  avortl  (par  uo  changeoant  vlauol  -  coulaura, 
par  asaapla  -  ot/ou  par  ua  algaal  acouatiqua)  loraqua  la  dlractlva  aat  aur  la  point  d'dtro 

tranealee  1  1'edrooef  (pour  la  coataou  daa  ftlquettea,  loa  aapraaaloo  convont lonoal laa  at  la 

aoda  d'afflcbaga  utlllada,  voir  chapltroa  *  at  5)  ; 

(a)  Pour  laa  vola  rdallada  Juaqu'd  prdaant ,  la  contrdla  adactlf  a  dtd  aaaurd  par  du  pereonael  doa 
Sarvlcaa  balgaa  du  Contrdla  do  la  clrculatioln  adrlanna  (tdgla  doa  Volea  Adrlannaa  /  lagla  dor 
Luchtuagoo)  ; 

(f)  La  ayatdoa  CINTIA,  tal  qu'll  exleta  actualloaant ,  aat  dlracteaant  adaptabla  I  uo  anvlroonoaant 
caractdrlad  par  daa  co— unlcat Iona  aol-alr-aol  autooat ladaa  an  ooda  nualrlque. 

Laa  dlractlvaa  produltaa  par  la  CINTIA  guldant  l'airooaf,  daoa  laa  oalllauraa  condltlona  d'dcooo- 
ala,  dapula  la  poaltlon  oO  allaa  prannant  coura  juequ'au  crfnaau  qul  lul  a  ltd  attrlbud  daoa  la  ed- 
quaoca  d'arrlvda.  Laa  lndlcatlona  qu'allaa  afflchont  na  aont  toutafola  nulleoent  obllgatolraa  pour 
la  coatrdlaur  at  la  CINTIA  a'adapta  autoaat lquamant  aux  rdaultatn  daa  dlfflrentaa  die  la  Iona  qua  ca 
darnlar  pout  prandra.  Da  fait,  conalddrdoa  du  point  da  vua  du  CINTIA,  caa  ddclalona  na  aont  qu'un 
anaaobla  parol  d'autraa  da  factaura  potantlala  da  parturbatlon. 

2.1.  laprdaantatlvltd  da  l'anvlroaoaoont  alould 

11  enable  porola  d'afflnaar  qua  l'anvlronnaoant  crU  par  la  alaulatlon  corraapond  da  trda  pria  1  la  r(a- 
Utl  da  l'axploltatlon,  tant  aur  laa  plana  tachnlquaa  at  opdrattonoala  qua  du  point  da  vua  da  l'tldaant 
huaaln.  C'aat  alnal  qua  l'on  paut  erdar  at  juatlflar  cow  ault  toutaa  lea  parturbatlona  da  nature  I  ef¬ 
fector  un  vol  rdguliar  : 


rcontlonnaaant  du  CINTIA  dana  l'anvlronaaaant  actual 
(cooaunlcatlona  an  radlotlldphonla) 


Figure  2 


SSI-4 


.  conduit*  d*  l'airooaf  :  Incident*  erM*  *ur  l*a  slaulataurs  d«  vol  do*  coapagnla*  ; 

lnfor— tlon  radar  :  Lntarruptlona  da  duri*  Haiti*  ; 

.  occupation  daa  friquanca*  radio  :  utlllaatlon  da  tall*  ou  tall*  vol*  I  da*  aoaant*  critique* 
pour  da*  — ssaga*  urgent*  ; 

— blgultis  af (actant  alaultaoiaant  ou  aiparteant  laa  coaaunicatlona,  1*  contrSla  at  la  naviga¬ 
tion  1  la  aulta  d'arraur*  da  l'iliaant  h— aln,  au  *ol  ou  an  vol  ; 

.  aituatlon*  da  trade  appelant  una  Intervention  lanidlata  du  contrSla,  par  axanpla  pour  la  pri- 
vantlon  ou  la  riaolutlon  daa  confllta  ; 

lntanpiriaa  ndcaaaltant  un  a— nda— nt  da  l'autorlaation  da  rout*  *t/ou  d'altltuda,  alnal  qu'un 
chang— ant  dana  la  conduit*  du  vol  (par  axaapla  diglvraga)  ; 

tout**  perturbation*  due*  k  da*  erraura  touchant  laa  privlaiona  nitiorologlquaa,  la*  "donnias 
d'atronaf-  du  C11IT1A  (Information*  da  performance  at  *ur  la*  procidura*  opiraclonnelles),  le* 
variable*  d'itat  da*  aironaf*  (position  radar  at,  an  nod*  t/T,  la  — aaa  noyenna),  ate. 

On  trouvara  au  chapltr*  5  un  ichantlllon  da*  trajactolres  ricannant  parcourura*  *ur  1*  slaulatcur  da  vol 
DC-10  da  la  SABEMA  :  cat  ichantlllon  donna  la  —aura  da  la  rapriaantatlvlti  da  l'anvironna— nt  slault  di- 
crlt  dana  la*  paragraph**  qul  prickdant. 


3.  FEIMCIPES  EBTEBUS  POOR  U  BAViaATIOM,  LB  GUIDAGE  ST  LE  CO  KT ROLE 
3.1.  Ginirallti* 


La  achina  da  la  Figure  3  rapriaanta  la  procidura  d'approcha.  L'aironef  an  provenance  de  Londres  k  desti¬ 
nation  da  Bruxellaa  dolt  suivre  l'ltlniralr*  reprisanti  *ur  ce  schi—  :  Douvras,  Kokay,  Hackal,  Affllgea, 
Bruno,  Bruaalla*.  II  paut  s'attandra  k  ce  qu'on  lul  attrlbue  un  profll  de  deacente  et  une  route  d'arrlvie 
standard  *ur  Bruxelles  et  k  biniflciar  d'un  guldage  radar  pour  l'approche  ILS  de  la  piste  25L. 

L'heure  d'attarrlssage  eat  ditermlnic  au  niveau  de  la  gestlon,  en  concertatlon  avec  lea  organise**  de 
contrSle  lntiressi*,  au  no— nt  oO  l'aironef  antre  dan*  la  xona  -  ou  par  une  coordination  adiquate  au  no- 
Mat  oO  11  passe  au-dassu*  da  Douvras.  En  aka*  teaps  sont  diflnies  la*  caractirlstlques  correspondences 
da  la  trajactolra  (profll  da  vltaaaa  an  crolalkra,  daacanta  at  approcha,  tract  de  la  trajectoire  d'appro¬ 
cha  final*). 

3.2.  Variable*  da  contrBl* 


Las  deux  catigorla*  foods— ntala*  da  variable*  da  contrSla  qua  l'on  paut  —  ttre  en  oeuvre  pour  guider 
l'aironef  avac  prtclsloo  Jusqu'au  toucher  daa  roue*  Influent  sur  sa  vltesse  et  sur  le  tree i  de  *a  trajec- 
tolra.  Evldea— nt,  celle-cl  peut  igala—  nt  itre  affectfe  par  un  change— nt  du  profll  de  vol  dans  le  plan 
vertical,  —1*  11  s'aglt  Ik  k  propre—  nt  parler  d'une  action  sur  la  vltesse,  encore  que  le*  directives 
correspondents*  *'exprl— nt  par  de*  autorlsatlon*  d'altitude,  con—  nou*  verron*  plus  loin. 
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Trajectoire  schi— data  d'un  vol  k  destination  de  Bruxelles, 
— ntraat  la*  prioclpaux  point*  da  contrSla 


Figure  3 


55I-- 5 


La  baa*  da  donnfas  du  CINTIA  contlaot  las  caractf rlstlques  dea  performances  da  cheque  type  d'afronef,  aln- 
•1  qua  las  procedure*  da  vol  prfconlsfaa  par  cheque  axploltant.  La  systAmc  connate  fgalament  la  topogra- 
phlc  da  la  rfgioo  at  ootammant  la*  cooordonnfa*  precise*  da*  point*  da  route,  da*  aide*  1  la  navigation  et 
da*  afrodroma*.  Hunt  da  ca*  connalaaancaa  dftaillfaa,  d'una  bonne  comprehension  da  l'flfment  huaaln, 
tri*  blan  araf  pour  1' extrapolation  d'una  trajectolre  observe*  at  pour  1*  calcul  an  direct  da  la  trajec- 
tolra  la  plua  conform*  aux  axigancaa  da  la  gaatlon,  la  CINTIA  donna  daa  directive*  dlrectaaent  utlllaablea 
par  1*  contrSlaur  da  la  circulation  afrlenn*  et  plalnaaent  compatibles  avac  laa  nfcasaltfs  da  l'explolta- 
tlon  da  l'afronef. 

3.3.  Principe*  applicable*  aux  arrive** 

La  Figure  3  llluatr*  l'appllcatlon  du  syatAm*  da  regulation  CINTIA  A  un  vol  d'arrlvA*. 

Lor aqua  l'aAronaf  antra  dan*  la  tone,  aa*  autorlaatlon*  d' altitude  at  da  route  aont  conflrafes.  Pour  la 
phase  an  rout*,  e'eat  1*  prof 11  da  vlteaae  an  crolalire  at  an  daacenta  qul  eat  la  variable  da  contrSle 
principal*.  Ha  lor*,  la  vita***  en  crolalire  fara  parti*  lntigrante  da  la  directive  de  contrSle  (CTL-1) 
aolt  dis  1'entrSe  dana  la  tone,  solt  1  partlr  d'une  poaltlon  ultfrleure.  11  reate  fvldeament  poaalble  de 
deaander  daa  changeaenta  d'ltlniralr*  ou  de*  raatrlctlona  d'altltude,  cow  noua  le  nontrerona  plua  loin 
(raccourclasaaent  de  la  route  dana  toute  la  assure  poaalble,  assures  de  resolution  de  confute,  fviteaent 
de*  xone*  da  nauvais  temp*  ,  etc.). 

Apris  notification  de  la  vlteaae  de  crolalire  A  l'afronef,  le  CINTIA  lndlque  lea  condltlona  de  descente  en 
route  prfvuea,  A  aavolr  la  vlteaae  de  deacente  et  la  poaltion  oil  dolt  ae  falre  le  paaaage  de  la  crolalire 
1  la  descents  (CTL-2). 

Pendant  ou  vera  la  fin  de  la  deacente  en  route,  le  CINTIA  difinit  le  tronqon  final  de  la  trajectolre 
(CTL-3).  Cette  definition  peut  comporter  plualeur*  iliaenta,  A  aavolr  dea  lndlcatlona  de  vlteaae 
(notaament  au  tltre  dea  riglementa  en  vlgueur  dana  la  rfglon)  le  vlrage  d'amorce  du  parcoura  de  baae  et  le 
vlrage  d' interception  du  falaceau  ILS,  coame  le  aontre  la  Figure  4.  Le  achiaa  de  cette  figure  reprfaente 
le  dernier  tronqon  -  depula  Mackal  Juaqu'au  toucher  daa  rouea,  aoit  quelque  65  A  75  NM  -  de  trola  trajec- 
tolrea  effectuiea  aur  le  alaulateur  de  vol  DC-10  de  la  SABENA.  Dana  le  caa  (a),  11  n'a  fallu  qu'une  aeule 
directive  de  contrSle,  laquelle  correapondant  A  la  definition  du  dernier  vlrage  avant  interception  de 
1'ILS.  Dana  le  caa  (b),  l'approche  de  1'ILS  a'eat  falte  en  deux  Stapes,  A  aavolr  d'abord  un  vlrage 
d'amorce  du  parcoura  de  baae,  pula  le  dernier  vlrage  avant  interception  de  1'ILS.  Enfln,  dana  le  caa 
(c),  A  la  fin  du  aecond  vlrage,  le  CINTIA  a  igalement  propoai  une  reduction  de  la  vlteaae  afln  de  reapec- 
ter  l'heure  prfvue  d'atterrlaaage  et  d'aaaurer  alnal  une  aiparatlon  auffiaante  par  rapport  A  l'afronef 
precedent  de  la  afquence  d'atterrlaaage. 

3.4.  Surveillance,  navigation  et  communlcatlona 

Outre  lea  lnformatlona  radar  de  aurvelllance,  qul  indlquent  la  po8ltlon  de  l'afronef  toutea  les  cinq  ou 
douxe  aecondea,  le  CINTIA  prend  partlellement  en  compte  l'fqulpement  de  l'afronef  (e'eat  aln8l  qu'll  dis¬ 
tingue  eotre  lea  fquipements  de  navigation  embarqufs  et  le  calculateur  de  bord  d'un  FK-27  et  ceux  d'un 
B-757  ).  II  explolte  fgaleaent  plualeura  autres  moyens  pour  la  formulation  et  la  transmission  dea  direc¬ 
tives  de  contrSle  :  Lea  dlveraea  masurea  de  regulation  de  la  trajectolre  [voir  plus  haut  lea  mesures  de 
contrSle  correapondant  A  CTL-1,  CTL-2,  CTL-3  (a),  (b),  (c)J  doivent  Ft  re  dCclenchfes  en  dea  positions  bien 
dftermlnfes.  Cea  positions  aont  dfflnlea  sous  la  forme  de  distances  DUE  par  rapport  aux  dlveraea  stations 
oormalamant  utlllafes  dans  la  rfglon  aux  fins  de  navigation.  Dana  l'exemple  de  la  Figure  3,  cea  stations 
aont  succcsslvement  Koksy,  Affllgem  et  Bruno.  En  ce  qul  concerne  les  communlcatlona,  deux  modes  d'explol- 
tatlon  aont  envisages.  Dans  1 'envlronnement  actuel  (communications  en  radlotflfphonle) ,  le  CINTIA  afflche 
les  directives  A  l'lntentlon  du  contrSleur,  qui  lea  transmet  A  l'fqulpage  une  fols  qu'll  les  a  approuvfes. 
Caa  directives  aont  flgfea  quelque  30  A  60  aecondea  d'avance,  de  manlire  A  tenlr  compte  du  dflal  de  reac¬ 
tion  da  l'flfment  huaaln  at  dea  contralntes  d'occupatlon  dea  frequences.  En  outre,  conformfment  aux  pro¬ 
cedures  de  communications  radlotflfphonlques  actuelles,  le  CINTIA  prfaente  sea  messages  sous  une  forme  qul 
se  prgte  A  la  transmission  dlrecte  aux  afronefs,  aprAs  visualisation  at  approbation  par  le  contrSleur,  via 
un*  liaison  numfriqu*  automatlsfa  sol-alr-aol  (pour  de  plus  amplas  informations,  voir  rfffrence  12). 

3.5.  Interface  CINTlA/ContrSleur 


L' interface  antra  1*  CINTIA  at  1*  contrSlaur  da  la  circulation  afrlenne  a  ftf  conque  avac  le  aoucl  primor¬ 
dial  de  ridulre  autant  qua  possible  la  charge  da  travail  du  contrSlaur.  A  catta  fin,  11  a  ftf  dfcldC, 
d'una  part,  d ' latfgrar  las  directives  du  CINTIA  dans  I’Ctlquatte  d'afronaf  prfsantee  aur  l'fcran  radar 
plutSt  qua  da  laa  afficher  aur  un  VET  (vlsuallsataur  ilactronlqu*  de  text**)  sfparf. 

D'autra  part,  11  itait  indispensable  d'fvltar  dana  tout*  la  assure  possible  qua  las  contrSleur*  slant  A 
coaaunlquar  daa  Informations  qualconquaa  au  CINTIA.  En  consfquenca,  lorsque  1*  contrSlaur  guide  un 
afronaf  aur  un*  trajactolra  different*  da  son  ltlnfralr*  prfvu,  11  n'ast  pa*  nfcaasalr*  d'en  avartir  le 
systAam.  Calui-cl  ast  an  affat  sufflsaaaant  "intelligent"  pour  sulvra  la  trajactolra  da  vol  effective  et 
lndlquer  A  tout  moment  quails  devralt  Btra  la  directive  aulvanta  pour  amanar  l'apparell  da  aa  position  du 
moment  au  crfnsau  voulu  dana  la  afquance  d'attarrlsaaga. 
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4.  SCENARIO  DE  CONTROLS  SOL-AIR 

4.1.  Chroaologl«  dea  message*  aol-alr-sol 

Afin  de  donner  au  lecceur  une  bonne  vue  d' ensemble  de  la  procedure  opfiratlonnelle ,  11  lul  eat  propose  de 
sulvre  le  dfiroulement  dee  Echanges  de  messages  CINTIA-cootroleur-pllote  pour  le  vol  done  la  trajectolre 
eat  llluarCe  4  Is  Figure  3.  La  Hate  dfinommfie  ‘Tableau  1*  reprodult  1* ensemble  des  messages  4 ma riant  du 
CINTIA  (messages  appelant  1' Intervention  du  contrSleur  et  messages  dEJ4  afflchfis  au  moment  od  tout  autre 
message  Etait  envoyfi  par  las  services  au  sol  ou  falaalt  l'objet  d'une  rfiponse  de  leur  part),  ainsl  que 
1'lntEgralltE  des  messages  sol-alr-eol  fichangfis  durant  tout  le  vol  depuls  l'entrfie  dans  la  rig Ion  juaqu'4 
l'atterriasage.  Lea  messages  prodults  par  le  CINTIA,  qul  apparalssent  4  gauche  dans  un  cadre,  sont  la  re¬ 
production  en  nolr  et  blanc  des  dlversas  Etiquettes  apparalssent  sur  l'Ecran  radar  (voir  Egalement  chapl- 
tre  3),  Lea  messages  Emanant  de  l'Equlpage,  reprodults  en  caractires  obliques,  commencent  par  l'appel 
"BRUSSELS,  SN  123*.  Les  messages  du  contrSleur  sont  reprodults  en  caractires  droits  et  coamencent  gfinfira- 
lement  par  :  ‘SN  123,  BRUSSELS:'. 

Le  tableau  donne  ainsl  dlrectement  la  transcription,  en  expressions  conveotlonnelles  ATC  en  clalr,  des  di¬ 
rectives  du  CINTIA  apparalssant  dans  l'Etlquette.  Pour  plus  de  clartE  toutefols,  nous  allona  en  aborder 
brldvement  quelques  aspects  partlcullers. 

4.2.  Structure  et  teneur  des  messages  du  CINTIA 

La  capaclti  des  Etiquettes  utlllssbles  pour  les  messages  CINTIA  est  de  trols  llgnes  de  hult  caractires. 
La  teneur  dea  measages  peut  varler  d'une  phase  de  vol  4  l'autre,  sals  certains  Elements  sont  constants. 

(1)  La  premlire  llgne  donne  l'lndlcatlf  de  1'aEronef  conaldErE,  solt  SN  123  dans  l'exemple  cholsl, 
puls  la  catEgorle  de  tonnage  4  laquelle  11  appartlent  (H  “  heavy,  M  -  medium,  L  -  light)  et, 
enfln,  sa  position  dans  la  sEquence  d'atterrlasage,  ldentlflEe  solt  par  l'un  des  chlffres  1  4 
9,  solt  par  un  aatErlsque  lorsqu'4  sa  position  correspond  un  chiffre  supErleur.  Ce  n'est  pas 
le  CINTIA  qul  prodult  cette  dernlire  Intonation  mala  le  module  ROSAS,  qul  assure  la  gestlon 
du  traflc  aErlen. 

(2)  La  deuxlEme  llgne  atflche  gEnEralement  l'altltude,  exprlmEe  en  nlveaux  de  vol,  et  la  vltesse- 
sol  obtenue  du  radar.  Sur  demande,  le  CINTIA  peut  lndlquer  la  distance  4  parcourlr  jusqu'au 
toucher  des  roues  ("track-miles")  au  lieu  de  la  vltesse-sol  calculEe  ;  dans  ce  dernier  cas,  le 
nombre  est  donnE  avec  une  dEclmale,  de  manldre  4  lndlquer  qu'll  s'agit  blen  d'une  distance. 

(3)  La  troialime  llgne  est  essentlellement  consacrEe  aux  directives  de  contrSle  du  CINTIA.  Blen 

entendu,  leur  teneur  varle  d'une  phase  de  vol  4  l'autre.  Le  moment  venu  de  transmettre  la  di¬ 
rective  4  1'aEronef,  la  prEsentatlon  du  message  change,  4  savolr  que  les  Informations  de  la 
troialime  llgne  passent  du  jaune  au  rouge  ou  d'un  afflchage  statique  4  un  message  cllgnotant, 
sulvant  le  type  d'Equlpement  utlllsE.  Une  fois  passE  le  moment  od  le  pllote  auralt  dfl  effec- 
tuer  la  manoeuvre  IndlquEe,  la  prEsentatlon  du  message  (lcl  encore,  troialime  llgne 
uniquement)  change  4  nouveau,  la  couleur  du  texte  passant  au  vert  ou  dlminuant  en  IntensitE 
lumlneuse,  ce  qul  rappelle  au  contrSleur  la  mesure  prfivue  lorsque  celle-cl  n'a  pas  EtE  prise, 
par  exemple  si  le  pllote  n'effectue  pas  son  virage  dans  le  dElal  impart!  ;  le  contrSleur  en- 

verra  alora  un  rappel  et  le  CINTIA  aura  recours  4  toute  directive  de  rEgulatlon  encore  possi¬ 

ble  pour  effectuer  la  compensation.  Remarque  :  Dans  le  Tableau  1,  la  marque  "XXX” 
apparalssant  4  drolte  de  la  directive  indlque  que  la  prEsentatlon  de  l'lnformatlon  a  changE  et 
qu'll  y  a  lieu  d'envoyer  le  message. 

4.3.  SEquence  des  phases  de  vol 

Pour  la  commodltE  de  la  lecture,  lea  divers  messages  qul  apparalssent  dans  l'ordre  chronologique  au 
Tableau  1  ont  EtE  groupEs  par  phase  de  vol. 

A  1'entrEe  dans  la  tone,  les  Echanges  correspondent  4  la  pratique  actuelle.  Le  message  afflchE  par  le 
CINTIA  commands  4  1'aEronef  de  commencer  4  passer  4  la  vitesse  de  crolslire  de  280  KIAS  4  36  NM  avant 
Koksy.  Le  message  est  envoyE  au  moment  oil  11  est  demandE  (XXX)  et  par  la  suite,  le  CINTIA  afflche  en  per¬ 
manence  la  directive  de  contrSle  sulvante,  4  savolr  "descente  prfivue  4  ...  -  DME  avant  Koksy",  Indication 

qul  marque  la  fin  de  la  phaae  de  crolslire  et  le  dfibut  de  la  phase  de  descente.  La  teneur  de  ce  message 

peut  changer,  ne  eeralt-ce  que  parce  que  les  conditions  de  vol  se  sont  modlflEes  et/ou  l'filfiment  ROSAS  a 
attrlbuE  4  1'aEronef  une  nouvelle  heure  d'atterrlasage.  Le  CINTIA  aura  alors  adaptE  le  reste  de  ses  di¬ 
rectives  efln  de  respecter  la  contralnte  telle  qu'elle  s'Etabllt  en  dfiflnltlve  ;  exemple  :  "Descender  4  3 
NM-DME  avant  Kokay  4  270  KIAS"  au  lieu  de  "Descender  4  6  NM-DME  avant  Koksy  4  280  KIAS".  Pour  les  phases 

de  crolslire  en  route  et  de  descente,  le  profll  de  vitesse  doit  itre  exprlmfi  4  la  fols  en  nombre  de  Mach 

et  en  CAS.  Comma  on  l'aura  comprls,  l'espace  llaitE  dlsponible  nous  oblige  4  exprimer  un  tel  profll  sous 

la  en  forme  aaa/ss,  le  nombre  de  Mach  Etant  exprlmfi  en  centliaes  et  la  vitesse  corrlgfie  en  multiples  de  10 

noeuds.  Pour  la  dernlire  partle  de  la  descente,  on  ne  peut  plus  utlllser  le  nombre  de  Mach.  La  vitesse 
est  done  exprlmEe  en  noeuds  et  l'on  dispose  d'un  espace  sufflsant  pour  afflcher  lntfigralement  le  code  de 
la  station  OKE. 

Apris  la  descente  en  route,  le  CINTIA  afflche  la  directive  sulvante,  4  savolr  les  Instructions  dfifinlssant 
le  virage  d1 amorce  du  parcours  final,  dfinommfi  "base-turn"  dans  le  Tableau  1.  Le  message  indlque  "A  6,0  NM 
DME  avant  Bruno,  vlrer  4  drolte,  cap  220  vers  parcours  de  base  1".  A  la  demande  du  pllote,  relayEe  par  le 
contrSleur  de  la  circulation  afirlenne,  le  CINTIA  Indlque  la  distance  restant  4  parcourlr.  Le  CINTIA  prfi- 
vlent  alora  le  contrOleur  que,  12  aecondes  plus  tard,  11  dolt  demander  au  pllote  de  vlrer  au  cap  220  pour 
lntercepter  1'ILS  (phaae  dEnommfie  ‘virage  final  at  Interception  ILS  et  atterrlssage"  dans  le  Tableau  1). 
Apria  ce  virage,  le  CINTIA  calculant  que  l'arrlvie  de  1'aEronef  lntervlendrs  avant  1' heure  prfivue,  indlque 
la  vitesse  nficessalre  4  la  correction.  Ce la  fait,  le  CINTIA  calcule  que  l'heure  d'arrivfie  ae  situera  en 
deqa  de  la  marge  d'erreur  de  10  aecondes  et  le  fait  savolr  en  afflchent  le  message  "...". 
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ENTREE  DANS  LA  REGION  DE  CONTROLE  (ZOC) 


BRUSSELS  CONTROL.  SNI2J 
FL  HO.  INBOUND  TO  BRUSSELS 
ESTIMA  TING  KOKSY  IN  8  MIN 


SNI23  H* 
310  410 

36k  /  28 


SNI23,  BRUSSELS.  CONTROL 

RADAR  CONTACT.  MAINTAIN  FL  310 

STANDARD  INBOUND  ROUTE  TO  BRUSSELS 

EXPECT  PROFILE  DESCENT  AND  RADAR  VECTORING  FOR 

ILS  APPROACH  ON  RWY25L 


BRUSSELS.  SNI23 
ROGER 

MAINTAINING  FL3I0 

STANDARD  INBOUND  ROUTE  FOR  RWY25L 


CROISIERE 


SNI23,  BRUSSELS 

AT  36-DME  BEFORE  KOKSY,  ADJUST  SPEED  TO  280KT-CAS 


BRUSSELS.  SNI23 
ROGER 

AT  36-DME  BEFORE  KOKSY.  WILL  ADJUST  SPEED  TO  280KT-CAS 


SNI23.  BRUSSELS 

EXPECT  DESCENT  AT  6-DME  BEFORE  KOKSY 


SN 123  H8 
311  412 

6k  /  28 


SNI23  H9 
310  410 

36k  /  28 


BRUSSELS.  SNI23 
ROGER 

EXPECTING  DESCENT  AT  6-DME  BEFORE  KOKSY 


DESCENTE 


SNI23  H8 
310  402 

5k  /  27 


XXX 


SNI23.  BRUSSELS 

AT  5-DME  BEFORE  KOKSY  DESCEND  TO  FL  100 
DESCENT  SPEED  270KT-CAS 


BRUSSELS.  SNI23 
ROGER 

AT  5-DME  BEFORE  KOKSY  WILL  DESCEND  TO  FL  100 
DESCENT  SPEED  270KT-CAS 


SN  123  H6 
115  320 

4a  H  250 


XXX 


SNI23,  BRUSSELS 

AT  4-DME  BEFORE  AFFLIGEM  DESCEND  TO  2000  FT  AND 
AT  SAME  DISTANCE  REDUCE  SPEED  TO  250KT-CAS 


BRUSSELS.  SNI23 
ROGER 

A  T  4-DME  BEFORE  A  FFLIGEM  WILL  DESCEND  TO  2000  FT 
AND  WILL  REDUCE  SPEED  TO  250KT-CAS 


SN  123  H6 
100  300 

4afi  250 


SNI23.  BRUSSELS 

CONTACT  BRUSSELS  ARRIVAL  118.25 


BRUSSEt  S.  SXI23 
ROGER 


Exeaple  de  dialogue  CINTIA-contrOleur-pllote 


Tableau  1 


VIRAGE  D ‘AMORCE  DU  PARCOURS  D£  BASE 


SN 123  H6 
78  297 

6.2  120 


SN  123,  BRUSSELS  ARRIVAL 

EXPECT  BASE  TURN  AT  6  2-DME  BEEORE  BRUNO 


BRUSSELS,  SNI23 
ROGER 

EXPECTING  BASE  TURN  AT  6.3  -DME  BEFORE  BRUNO 


SNI23  H5 
40  280 

6.0  120 


XXX 


SN  123,  BRUSSELS 

AT  6.0-DME  BEFORE  BRUNO,  TURN  RIGHT 
HEADING  120  FOR  BASE  LEG 


BRUSSELS.  SNI23 
ROGER 

AT  6.0-DME  BEFORE  BRUNO 

WE  TURN  RIGHT.  HEADING  120 

WOULD  YOU  GIVE  US  THE  DISTANCE  TO  GO  ! 


SNI23  H5 
38  14. 

6.0  120 


SN  1 23,  BRUSSELS 
TRACK  MILES  TO  GO.  14. 


BRUSSELS.  SNI23 
ROGER 

TRACK  MILES  TO  GO  14. 


VIRAGE  FINAL  D' INTERCEPTION  ILS  ET  ATTER1SSAGE 


SN  123  H3 
29  262 

220  12s 


SN  1 23  H3 
27  251 

220 


SN  i  23  H2 
25  250 

220 


SNI23  HI 
21  186 
E  160 


XXX 


XXX 


SNI23,  BRUSSELS 

TURN  RIGHT,  HEADING  220  TO  INTERCEPT  ILS 


BRUSSELS.  SNI23 

TURNING  RIGHT.  HEADING  220  TO  INTERCEPT  ILS 


SN  123,  BRUSSELS 

REDUCE  SPEED  TO  I60KT-CAS  AS  CONVENIENT 
REPORT  WHEN  ESTABLISHED  ON  ILS 


BRUSSELS.  SNI23 

ROGER.  REDUCING  TO  160 

WE  WILL  REPORT  WHEN  ESTABLISHED 


SN  123  HI 
20  185 


SN  123,  BRUSSELS 
ROGER 


BRUSSELS.  SNI23 
ESTABLISHED  ON  ILS 


SNI23  HI 
16  135 


SNI23,  BRUSSELS 
CONTACT  TOWER  ON  118.60 


BRUSSELS.  SNI23 
ROGER 


Tableau  1  (suite  et  fin) 


3  8  na 


(h) 


Ordre  de»  umgu 

(b) 


Afflchage  exptrlaeotal  dea  aeaaagaa  du  CIHTIA 
Figure  6 
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5.  EXPERIMENTATIONS  EN  TEMPS  REEL 

5.1*  Utilisation  des  slaulateurs  de  vol  des  compagnles 

Un  certain  nombre  de  alaulatlons  ont  EtE  menfies  sur  des  slmulateurs  de  vol  appartenaat  3  pluslears  coapa- 
gniea  a£rleones>  3  savolr  SABENA,  Belgian  Uorld  Airlines,  Bruxelles  (Boeing  B-737  et  McDonnell 
Douglas  DC-10)  ;  British  Airways,  Londres  (Boeing  B-7S7)  ;  Deutsche  Lufthansa,  Francfort  (Airbus  A-300  et 
Boeing  B-737)  ;  NLM  City  Hopper,  Amsterdam  (FoRRer  F-27  et  F-28)  et  le  slaulateur  de  vol  exp£rlaental  du 
Laboratolre  a£rospatlal  des  Pays-Bas  (NLR,  Amsterdam).  A  tltre  d'exemple,  nous  avons  renvoyE  aux  rEsul- 
tats  des  exerclces  effectuEs  rScemaent  (les  14  et  16  avrll  et  16  mal  1986)  3  l'alde  du  slaulateur  de  vol 
DC-10  de  la  SABENA  desservl  3  chacune  de  ces  dates  par  le  Commandant  J.  PUTZ  et  dlff£rents  meabres  d'Equi- 
page. 


5.2.  Conditions  nomlnales  de  vol 


Nous  avons  aontr£  pr£c£demment  que  la  r£gulatlon  pr£clse  de  la  phase  de  crolsl£re  en  route  et  de  la  phase 
de  descente  peut  ne  n£cessiter  que  deux  ou  trols  Interventions  du  contrSle  (r£f.  4,  document  11)  1'ElEment 
critique  £tant  le  tronqon  final  de  la  trajectolre,  solt  de  10.000  pleds  au  toucher  des  roues.  C'est  pour- 
quol  les  exerclces  les  plus  r£cents  ont  £t£  llmlt£s  3  la  phase  finale  d£flnie  coame  suit.  Les  vols  3  des¬ 
tination  de  Bruxelles,  piste  25L,  £talent  pass£s  au  CINTIA  au  moment  de  l'arrlv£e  au— dessus  de  MacRel  dans 
les  conditions  nomlnales  (vol  en  paller,  altitude  10.000  pleds,  vltesse  lndlqu£e  250  noeuds),  3  quelque 
65-75  NM  du  point  d'atterrlssage.  Le  CINTIA  calcule  la  trajectolre  th£orlque  entre  MacRel  et  le  toucher 
des  roues  en  fonctlon  du  traflc  (cr£neau  d'atterrlssage)  et  des  conditions  d' exploitation  (pr£vislona  a£- 
t£orologlques,  procEdures  d'approche  pr£vues,  etc.).  Tout  comme  dans  la  pratique  sulvle  pour  les  vols  en 
route  (voir  chapltre  3)  la  transition  du  vol  en  paller  3  la  phase  de  descente  a  £t£  calcul£e  en  fonctlon 
de  cette  trajectolre  nominale.  Dans  le  cadre  de  ces  exerclces,  on  ne  laisaait  le  CINTIA  exercer  le 
contrSle  effectif  qu'une  fois  que  l'a£ronef  allalt  quitter  le  niveau  FL  100.  On  permettalt  alnsl  3  un 
nombre  consldSrable  d'erreurs  de  s'accumuler  au  voisinage  du  point  d'amorce  du  vlrage  final,  ce  qul  ren- 
dalt  la  rEgulation  du  dernier  tronqon  encore  plus  critique. 

5.3.  Echantlllon  de  trajectolres 

On  trouvera  3  la  Figure  5  les  projections  horizontales  des  vols  de  l'£chantlllon.  Pour  plus  de  clart£, 
cet  Schantlllon  est  lllustrS  en  deux  parties  dlstinctes.  A  la  lecture  de  ces  figures,  on  peut  Identi¬ 
fier  trols  cat£gorles  de  trajectolres. 

(a)  vols  sulvant  la  route  prSvue  (MacRel,  Affllgem,  Bruno,  Bruxelles)  ; 

(b)  vols  ralllant  dlrectement  Bruno  j 

(c)  vols  falsant  l'objet  de  dSroutements  lmportants  vers  le  sud  ou  vers  le  nord  avant  d'Btre  dlrl- 
g£s  sur  Bruno. 

Les  conditions  atmosph£riques  varlent  d'un  vol  3  ' '*itre,  de  m£me  que  la  pr£clslon  des  pr£visions  mEtEoro- 
loglquea  dlsponlbles  et  un  certain  nombre  d'autre»  paramitres  tels  que  la  masse  de  l'a£ronef,  laquelle 
n'est  pas  connue  de  l'organlsme  de  contrSle  de  la  circulation  a£rlenne  lorsque  les  communications  se  font 
en  mode  radlot£l£phonlque. 

Le  commandant  et  son  Equipage  ont  assurE  la  condulte  de  1'aEronef  selon  les  pratiques  en  vlgueur.  A  dlf- 
fErentes  reprises,  les  observateurs  qui  avaient  prls  place  dans  l'habltacle  ont  proposE  des  erreurs  lmpor- 
tantes  de  navigation,  de  mSme  que  des  retards  de  rEponse  aux  directives  des  contrSleurs  au  sol. 

5.4.  Configuration  expErlmentale 

Pour  les  expErimentatlons ,  le  logiciel  du  CINTIA  a  StE  placE  sur  un  microprocesseur.  Les  donnfies  radar 
provenalent  d'un  autre  microprocesseur,  dlrectement  raccord£  au  simulateur  du  DC-10.  Dans  cette  configu¬ 
ration,  1* Interface  CINTIA-contrSleur  se  compose  de  deux  ElEments  essentiels  : 

(a)  l'afflchage  couleur,  simulant  un  Ecran  radar  synth£tlque  et  montrant  les  positions  rEelles  des  a£ro- 
nefs,  assortlea  d'une  Etiquette  contenant  les  Informations  du  CINTIA  ; 

(b)  le  clavier,  qul  permet  au  contrSleur  de  commander  l'afflchage  et  de  slmuler  les  dEclslons  du  ROSAS. 

Le  contrSleur  peut  falre  trols  types  de  demandes  : 

.  modification  de  1* Information  sur  les  conditions  d'exploitation  (afflchage  ou  non  des  codes  des  points 
de  chemlnement  de  la  trajectolre  lnltlallement  prEvue,  de  la  trajectolre  prEvue  actuallsEe,  de  la  posl- 
tle  prEvue,  etc.)  ; 

.  modification  du  contenu  de  l'Etlquette  (par  exemple,  afflchage  de  la  distance  restant  3  parcourlr,  au 
lieu  de  la  vitesse-sol  calculEe)  ; 

.  amendement  de  l'heure  d'arrivEe,  en  valeur  absolue  et  en  valeur  relative  (ceci  se  fait  en  avanqant  ou 
en  retardant  d'uhe  ou  de  plusieurs  positions  le  crEneeu  d'arrivEe  dans  la  sEquence  d'atterrlssage). 

II  convlent  de  soullgner  lei  que  les  entrfies  mentlonnEes  cl-dessus  ont  pour  seul  effet  de  modifier  1'affi- 
chage  et  de  slmuler  les  suggestions  de  1'ElEment  ROSAS.  A  vral  dire,  le  CINTIA  ne  s’en  remet  nullement 
au  contrSleur  pour  la  production  des  directives  de  contrSle  et  n’a  pas  besoin  de  savolr  si  une  directive 
dSterminEe  a  EtE  ef fectlvement  transmlse  3  1'aEronef  IntEressE.  A  cet  Egard,  comme  nous  l'avone  dEjS  in- 
dlquE,  le  contrSleur  ne  fait  pas  partle  de  la  boucle  de  contrSle  interne  du  CINTIA  j  11  est  entiErement 
llbre  de  ses  dEclslons  et  du  moment  o3  11  les  prend.  Le  CINTIA  se  bornera  3  sulvre  et  3  s'adapter  aux  si¬ 
tuations  qu'on  lul  crEe. 
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5.5.  Afflchage  dea  directives  de  l'ATC 

Les  Etiquettes  prEsentEes  sur  l'Ecran  radar  -  dont  on  trouvera  un  Echantlllon  au  Tableau  1  -  apparalssent 
comme  les  non t re  la  Figure  6b.  La  sErie  de  photographies  utilisEea  pour  cette  illustration  correspond  au 
vol  de  la  Figure  6a. 

5.6.  Souplesse  de  contrdle  du  CINT1A 

A  1' issue  d'une  sErie  d'essals  rEalisEs  dans  diverses  conditions  d* exploitation*  on  a  fixE  la  marge  de 
prEcl8ion  du  CINTIA  A  10  secondes  (pour  l'heure  estimEe  d'arrivEe  au  seuil  de  la  piste),  valeur  qui  a  EtE 
utillsEe  pour  1* ensemble  des  expEr indentations  dEcrites  dans  le  prEsent  exposE. 

Les  exercices  de  simulation  ont  portE  sur  23  vols  effectuEs  en  prEsence  de  reprEsentants  des  Services  de 
contrdle  de  la  circulation  aErienne.  Les  participants  -  observateurs  extErieurs  Indus  -  se  sont  IntEres- 
sEa  en  particulier  aux  rEactions  du  CINTIA  A  diverses  perturbations.  Dans  les  paragraphes  qui  suivent, 
noua  donnons  un  aper^u  de  celles  qui  ont  EtE  crEEes  afin  d'Evaluer  dans  quelle  mesure  le  CINTIA  parvient 
A  malntenir  la  aEcuritE  du  vol  tout  en  assurant  le  respect  de  l'heure  d'arrivEe  dans  la  marge  prEvue  de  10 
secondes. 

En  ce  qui  concerne  les  conditions  atmosphErlques,  on  a  lntrodult  des  prEvlslons  mEtEo  erronEes  (20°  et  10 
noeuds  pour  la  direction  et  la  force  du  vent  ;  prEsence  de  turbulences  ;  dEglvrage).  Pendant  certaines 
pEriodes  (allant  jusqu'A  20  secondes),  les  informations  du  radar  de  surveillance  falsalent  dEfaut  ;  le 
CINTIA  a  fonctionnE  avec  un  taux  de  transfert  d ' information  qui  Etalt  tantdt  de  5  secondes,  tantdt  de  12 
secondes. 

La  condulte  des  aEronefs  comportait  un  certain  noabre  d'options  :  condulte  manuelle  ou  utilisation  des 
installations  automatiques  pour  1'accElEration  et  la  dEcElEratlon,  alnsl  que  pour  la  navigation  et  le  gui- 
dage,  en  particulier  en  cours  de  vlrage  et  pendant  les  phases  d'approche  et  d 'atterrlssage.  On  a  en  outre 
simulE  des  incidents  A  bord  ;  c'est  alnsi  que  sur  l'un  des  vols,  l'approche  finale  a  EtE  effectuEe  avec  un 
moteur  en  feu.  La  masse  de  1'aEronef  n'Etalt  pas  coamunlquEe  au  CINTIA.  La  valeur  utillsEe  au  sol  cor- 
respondalt  A  la  masse  aoyenne  pour  le  type  d'aEronef  considErE,  alors  que  la  masse  effective  pouvalt  va- 
rier  entre  un  minimum  et  un  maximum. 

On  a  dEllbErEment  lntrodult  des  ElEments  de  nature  A  dlstraire  A  la  fols  le  personnel  au  sol  et  les  Equi¬ 
pages,  encore  que  la  prEsence  d' observateurs  dans  l'habltacle  et  dans  le  centre  de  contrdle  const ltuait 
dEjA  en  elle-mEme  une  source  de  perturbations.  Dans  la  cablne,  le  commandant  de  bord  retardalt  le  dEbut 
de  1 'action  prescrlte  par  le  contrdleur  Jusqu'au  moment  oft  les  services  au  sol  lul  rEpEtalent  lmpErleuse- 
ment  la  directive  ;  par  exemple,  le  retard  mis  A  vlrer  pour  amorcer  le  parcours  de  base  attelgnalt  un  mil- 
le  oautlque  et  la  vltesse  pouvalt  accuser  des  erreurs  de  20  noeuds  au  cours  de  la  croislAre  et  de  la 
descente.  Au  sol,  le  contrdleur  omettalt  de  transmettre  l'autorisatlon  pour  la  seconde  partle  de  la  des- 
cente,  ce  qui  modiflalt  consldErablement  la  composante  vertlcale  de  la  trajectolre. 

En  outre,  on  a  simulE  des  interventions  de  1'ElEment  ROSAS  destinEes  A  tenir  compte  de  la  situation  de 
trafic  :  la  position  de  1'aEronef  dans  la  sEquence  d 'atterrlssage  Etalt  modlflEe  en  vol  et  le  CINTIA 
amendalt  automat iquement  ses  instructions  en  consEquence. 

Les  changements  d'ltlnEralre  ont  EtE  opErEs  solt  A  la  demande  du  commandant  de  bord,  soit  A  la  dlscrEtion 
du  contrdleur.  Pour  les  changements  tels  que  ceux  qui  apparalssent  A  la  Figure  7b,  le  contrdleur  envole 
l'autorisatlon  ou  1 ' Instruct ion  A  1'aEronef  sur  la  frEquence  radiotElEphonlque,  sans  entrEe  dlrecte  d' in¬ 
formation  au  CINTIA,  mais  celul-cl  reconnalt  nEanmolns  le  changement  d'ltlnEralre  et  prodult  les  instruc¬ 
tions  ultErieures  en  consEquence  (de  mEme,  le  CINTIA  peut  reconnaltre  les  modifications  de  prof 11 
vertical,  telles  que  les  interruptions  de  descente,  et  a mender  ses  prEvlslons). 

Enfln,  on  a  provoquE  artlf lclellement  un  certain  nombre  d* Incidents  condulsant  A  des  Ecarts  apprEclables 
par  rapport  aux  routes  habltuelles,  comma  le  montre  la  Figure  7c.  Ces  Ecarts  se  sltualent  tant  au  nord 
qu'au  sud  de  la  trajectolre  nomlnale  et  ont  servl  A  slmuler  des  rEsolutlons  de  confllts,  l'Evltement  de 
zones  de  mauvals  temps  ou  des  erreurs  imputables  aux  effets  conJuguEs  des  divers  malentendus  possibles  en¬ 
tre  contrdleur  et  pllote. 
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Figure  7 
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6.  CONCLUSIONS 

Tout  syatdme  vlsant  i  une  geitloa  efficace  de  la  circulation  aSrlenne  dea  polnta  de  vue  de  la  sdcurltC,  de 
la  rapidltd,  de  l'iconomle  et  de  la  capadti  de  prlae  en  charge  davra  pouvolr  aaaurer  la  regulation  preci¬ 
se  de  cheque  vol  dans  lea  quatre  dimensions •  Le  systdme  connu  soua  l'appellatlon  "Control  of  Inbound 
Trajectory  of  Individual  Aircraft  -  Cl NT I A"  (regulation  lndlvlduelle  dea  trajectolrea  d'arrlvee)  permet 
d’envlaager  un  systdme  de  coatrile  aaenant  lea  aCronefs  au  aeull  de  la  plate  avec  une  aarge  de  precision 
de  10  seconder  (sans  utilisation  systeaatlque  de  flies  d'attente),  blen  que  ce  erdneau  solt  attrlbud  au 
moment  de  l'entrde  de  l'aeronef  dans  la  zone,  c'est-4-dlre  quelque  100  4  200  NK  avant  le  point  d'lmpact 
des  roues. 

La  procedure  lnltialeaent  conque  pour  ttre  appliqude  dans  le  cadre  de  la  Zone  de  Convergence  eat  directe- 
aent  transposable  4  tous  les  systdmes  qul  coaportent  une  contrainte  en  ce  qui  concerne  l'heure  d'arrlv6e, 
e'est-d-dire  en  particulier  tous  les  systdaes  vlaant  d  rCgler  au  aolndre  coflt  une  circulation  de  denaltd 
aaxlaale  dans  un  voluae  d'eapace  de  capacite  limitde. 

Les  experiaentatlons  dont  ce  systdae  a  fait  l'objet  vlsaient  d  aesurer  la  precision  de  la  procedure  et  sa 
stablllte  en  presence  de  perturbations  d'origines  diverses  dont  nous  donnons  un  aperqu  ci-aprds. 

Les  exerclces  en  teaps  r6el  ont  6t£  effectuds  dans  des  conditions  rdalistes,  avec  la  participation  de 
contrSleurs  d'approche  et  dfequipages  de  ligne  chevronnds.  Ils  ont  ftf  effectuds  d  l'aide  de  divers  slmu- 
lateurs  de  vol,  Les  Illustrations  qul  flgurent  dans  le  present  docuaent  correspondent  aux  exerclces  ef- 
fectuds  sur  le  slaulateur  de  vol  DC-10  de  la  SABENA,  Belgian  World  Airlines, 

Les  directives  du  C1NT1A  dtaient  afflchdes  dans  les  etiquettes  apparalssant  sur  1 'derma  radar  (et  qul  oc- 
cupalent  g£n£ralement  une  ligne  de  hult  caractires),  sous  une  forme  que  le  contrBleur  de  la  circulation 
a£rlenne  pouvalt  alsdment  transposer  en  expressions  conventlonnelles  courantes  pour  transmission  aux  pilo- 
tea  sur  les  frequences  radlot£l£phoniques. 

On  a  impose  au  fonctlonnement  du  systdme  des  perturbations  iaportantes  laputables  d  divers  facteurs  : 

.  elements  d' Incertitude  des  previsions  m£t£orologiques  ; 

,  modification  des  plans  lnitiaux  (changeaent  d'ltinCralre  ;  modification  du  profll  vertical  ;  re¬ 
vision  du  erdneau  attribud  dans  la  sdquence  des  heures  d'atterrlssage,  etc.)  ; 

,  options  concernant  la  condulte  du  vol  (mode  manuel  ou  pilote  automatlque)  ; 

.  Incertitude  quant  d  la  masse  de  l'aeronef,  les  contrSleurs  ne  connalssant  que  la  valeur  aoyenne 
pour  chaque  type  d'adronef  lorsque  les  communications  se  font  en  mode  radiotdldphonlque  ; 

.  erreurs  humaines,  tant  d  bord  qu'au  sol  (facllltdes  par  la  presence  d'observateurs),  lnduisant 
des  erreurs  assez  importantes  en  ce  qul  concerne  les  communications,  la  navigation  (dans  les 
plana  horizontal  et  vertical)  et  la  vitesse  ; 

.  dvdnenents  et  Incidents  particulars  (resolution  des  confllts,  conditions  mdtdorologiqueB  ddfa- 
vorsbles,  etc.)  donnant  lieu  d  des  Instructions  de  guldage  dans  les  plans  vertical  et  horizontal 
alnsl  qu'd  des  dcarts  de  route  Importants. 

A  1' Issue  de  cea  esaals,  11  apparalt  que  le  CINTlA  permet  au  contrBleur  d'achemlner  les  adronefs  Jusqu'au 
moment  du  toucher  des  roues  avec  une  haute  precision  (marge  de  10  secondes)  et  dans  les  conditions  voulues 
de  sdcurlte.  Le  CINTIA  parvlent  en  effet  d  respecter  l'heure  d'arrlvde  malgrd  les  Incertitudes  lnhdrentes 
d  1 'envlronnement  actuel.  En  outre,  11  adapte  ses  directives  au  contrBleur  de  manldre  d  tenlr  compte  des 
diverses  perturbations  pouvant  affecter  la  condulte  du  vol.  A  cet  dgard,  11  prdsente  une  trds  grande  sou- 
plesse  lorsqu'll  s'agit  de  mdnager  les  lmpdratifs  du  coctrBle  comme  ceux  de  la  navigation.  II  s'adapte 
automat lquement  aux  plans  de  vol  et  d  leurs  modifications,  tant  dans  le  plan  horizontal  que  dans  le  plan 
vertical,  sans  que  le  contrBleur  doive  intervenlr  et  lntroduire  de  message  particulier  en  machine. 

II  est  permls  de  conclure  que  dans  les  TMA  Nodernes  de  grande  dtendue,  le  CINTIA  constitue  un  moyen 
efficace  d'aaslatance  automatlque  aux  contrSleurs  lorsqu'll  s'agit  de  rdgler  avec  precision  des  trejectol- 
res  optlmales  depuls  1'entrCe  dans  la  zone  Juaqu'd  1 'atterrissage.  Les  messages  afflchds  par  ce  systdme 
sont  clalrs  et  complete  et,  tout  en  se  prttant  d  1' exploitation  dans  1 'envlronnement  actuel  de  communlcs- 
tlooa  radlotSldphonlques,  11s  sont  dlrectement  adaptables  dans  l'avenlr  d  un  rdseau  de  liaisons  numdrlques 
sol-alr-aol. 
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SUMMARY 

Increasingly  Flight  Management  Computers  are  becoming  standard  fit  on  present  day 
passenger  aircraft  (737-300,  757,  767,  A310,  A300-600).  Avionic  update  programmes  which 
incorporate  Flight  Management  Computers,  are  in  hand  for  747  and  MD  80  and  new  aircraft 
programmes  A320,  MD  11,  7J7,  A330  and  A340  are  or  are  likely  to  include  Flight 
Management  Computing  as  standard  fit.  As  these  aircraft  come  to  dominate  the  traffic 
entering  and  leaving  major  airports  there  is  potentially  a  new  level  of  information  and 
of  control  available  to  the  air  traffic  controllers  whose  task  it  is  to  schedule  the 
aircraft  flow  into  and  out  of  the  terminal  area.  This  information  flow  and  the 
consequent  control  actions  should  enable  the  traffic  to  be  handled  in  a  manner  to 
minimise  delay,  thus  enhancing  the  available  traffic  handling  capacity  of  an  airport.  , 

1.  FLIGHT  MANAGEMENT  COMPUTING 


The  features  of  a  Flight  Management  System  are 

-  Position  determination  with  continuous  assessment  of  the  likely  accuracy. 

-  Ability  to  construct  a  flight  plan,  or  to  amend  one  in  response  to  pilot  entered 
commands. 

-  Ability  to  calculate  guidance  commands  which  cause  the  aircraft  to  acquire  and 
subsequently  to  follow  the  defined  route. 

-  Ability  to  calculate  a  flight  trajectory  which  meets  the  constraints  imposed  by 
the  flight  plan,  by  the  pilot  and  by  ATC  and  allows  a  pilot  selectable  cost 
criterion  to  be  minimised. 

-  Ability  to  provide  trajectory  predictions  of  the  aircraft  condition  at  down  path 
waypoints. 

-  Ability  to  present  information  to  the  pilot  in  both  alphanumeric  and  in  graphical 
form. 

of  these  characteristics  those  which  are  particularly  relevant  to  the  present  discussion 
are 


-  Position  Determination 

-  Flight  Plan  Construction  and  Amendment 

-  Guidance  to  the  Flight  Plan 

-  Predictions  Along  the  Flight  Plan 

(a)  Position  Determination  -  Flight  Management  Systems  determine  position  using  at  all 
tia«s  the  beat  available  set  of  information.  Current  systems  combine  information 
from  on  board  IRS  with  radio  fix  information  to  give  either  DME/DME  position  using 
up  to  four  different  DME  distances  or  in  the  absence  of  such  information  VOR/DME 
position.  Future  systems  may  be  expected  to  add  GPS  position  to  this. 

The  selection  which  DME  stations  the  receivers  in  the  aircraft  shall  be  tuned  to,  is 
made  by  the  Flight  Management  Computer  given  the  aircraft's  current  position  and 
track  and  the  positions  of  available  DMEs.  The  latter  are  known  to  the  Plight 
Management  Coaiputer  from  its  Navigational  Data  Base. 

The  computer  contains  error  models  for  each  type  of  position  fix  eg.  DME/DME 
VOR/DME  and  IRS  and  for  whichever  the  current  mode  of  position  determination  the 
computer  has  an  estimate,  at  a  2  sigma  confidence  level,  of  the  accuracy  of  the 
position  indication  it  has  calculated. 
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(b)  Flight  Plan  Construction  and  Amendment  -  Flight  Management  Systems  represent  flight 
plans  as  a  sequence  of  legs  as  defined  in  ARINC  424.  Individual  legs  may  define  a:- 

fixed  track 
fixed  heading 
DME  arc 
great  circle 
d 1 rec  t  to 
holding  pattern 
procedure  turn 

The  set  of  legs  and  the  permissible  linkings  are  shown  in  Fig  1.  The  data  items 
associated  with  each  leg  are  shown  in  Fig  2.  Although  in  present  Flight  Management 
systems  routes  stored  in  the  data  base  can  utilise  all  legitimate  combinations  of 
leg  types,  the  revisions  to  a  flight  plan  are  restricted  to 

-  OF  legs  (direct  to  fix)  for  revisions  from  present  position. 

-  TF  legs  (great  circle  between  two  fixes)  for  revisions  from  fixed  points. 

-  Holds  at  either  present  position  or  some  fixed  route  point. 

-  Orbits  at  present  position. 

(The  author  is  aware  of  one  programme  for  which  it  is  at  present  planned  to 
provide  the  pilot  with  freedom  to  insert  any  legitimate  ARINC  leg  type]. 

In  addition  some  of  the  parameters  associated  with  a  leg  (Fig  2)  can  be  set  under 
pilot  control  if  the  values  drawn  from  the  data  base  are  to  be  countermanded. 

The  means  which  the  pilot  has  to  inspect  his  flight  plan  and  to  define  amendments  is 
the  CD(J  which  provides  a  selectable  repertoire  of  data  displays  associated  with  the 
flight  plan  and  the  functioning  of  the  Flight  Management  Computer  Fig.  3  and  also 
provides  the  pilot  with  the  means  to  input  data  and  to  generate  or  revise  flight 
plans  (Fig  4). 

(c)  Guidance  to  Flight  Plan  -  given  the  flight  plan  which  has  been  defined  either 
directly  by  the  pilot  or  indirectly  by  calling  from  the  data  base  some  stored 
routing,  and  given  the  current  estimate  of  aircraft  position  the  Flight  Management 
System  is  able  to  calculate  guidance  commands  to  cause  the  aircraft  to  capture  and 
subsequently  to  follow  the  route.  The  guidance  takes  into  account  overfly,  turn 
direction  as  may  be  specified  for  a  transition  and  includes  all  standard  entry 
procedures  to  holds.  It  is  a  complete  guidance  function  which  satisfies  the 
requirement  of  the  plan. 

In  the  vertical  plane  constraints  at  waypoints  or  at  altitudes  are  satisfied. 

In  sumary,  the  defined  flight  plan,  whatsoever  it  may  be,  is  followed  and  if  the 
requirement  cannot  at  any  point  be  met  then  this  is  indicated  to  the  pilot  on  the 
CDU  and  on  EFIS. 

(d)  Predictions  Along  the  Flight  Plan  -  a  capability  central  to  the  operation  of  a 
Flight  Management  System  is  to  predict  the  down  route  situation.  This  is  an 
essential  component  in  the  calculation  of  the  Top  of  Descent  point  as  well  as  being 
important  in  predicting  the  fuel  remaining  at  the  destination. 

Predictions  take  account  of 

The  current  state  of  the  aeroplane. 

The  current  wind  as  estimated  by  the  Flight  Management  System. 

Any  down  route  estimates  of  wind  which  have  been  entered  into  the  Flight 
Management  Computer. 

Current  temperature  and  estimates  of  temperature  at  down  route  points  which  have 
been  entered  into  the  Flight  Management  Computer. 

The  requirements  of  the  flight  plan  as  known  at  this  time  (altitude  changes, 
speed  constraints,  etc.). 

An  Important  feature  of  a  Flight  Management  System  is  the  concept  of  the  Temporary 
Plight  Plan.  With  this  feature  a  revision  to  a  flight  plan  can  be  made  and  the 
predictions  associated  with  that  revised  flight  plan  inspected  while  the  aircraft  is 
continuing  to  fly  the  unrevlsed  flight  plan.  Only  when  the  pilot  is  satisfied  with 
the  consequencies  of  the  revision  will  he  EXECUTE  the  revision  and  the  aircraft  will 
begin  to  fly  to  the  revised  plan. 
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In  normal  operation  such  a  feature  is  not  used  extensively  since  the  revision  to  the 
plan  is  demanded  by  ATC  eg.  make  your  approach  to  RW  102  using  STAR  XYZ.  But  even 
in  this  case  the  pilot  is  able  to  see  the  new  routing  on  his  EFIS  map  display  and  a 
CDU  prior  to  EXECuting  the  revision.  It  provides  a  visual  check  prior  to  committing 
the  aircraft  to  new  routing  (Fig  5). 

2.  THE  AIRCRAFT  ARRIVAL  PROBLEM 

If  the  traffic  into  an  airport  is  sufficiently  light  then  as  each  aircraft  arrives 
in  the  terminal  area  there  is  no  requirement  for  the  routing  and  timing  of  an  individual 
aircraft's  descent  and  approach  to  be  amended  as  a  result  of  the  presence  of  the  other 
arriving  aircraft.  As  the  traffic  density  increases  the  average  separation  of  the 
aircraft  in  the  terminal  area  will  decrease  and  the  situation  would  arise  in  which  one 
or  more  of  the  separations  would  reach  or  infringe  minimum  values  set  by  consideration 
of  safety.  It  is  to  prevent  this  that  ATC  control  exits  and  their  control  is  exercised 
by  observing  where  aircraft  currently  are,  and  scheduling  their  temporal  placement  so 
that  they  fit  into  an  ordered  and  properly  separated  sequence  for  landing.  This  process 
inevitably  cabses  delay  to  some,  perhaps  to  all,  aircraft. 

As  traffic  density  increases  the  task  of  ATC  becomes  more  difficult  and  the  need  for 
some  automated  support  for  that  task  becomes  more  urgent. 

The  objective  of  such  an  automated  aid  can  be  expressed  as  that  of 

reducing  the  average  delay  suffered  by  aircraft,  when  the  TMA  is  handling  a  given 
level  of  traffic,  while  maintaining  aircraft  separation  in  accordance  with  the  rules 
of  safety, 
or 

enabling  an  increase  in  the  volume  of  traffic  which  can  be  handled  while  maintaining 
a  given  average  level  of  delay,  and  maintaining  aircraft  separation  in  accordance 
with  the  rules  of  safety. 

The  essential  components  of  an  effective  means  of  traffic  control  are 

means  of  obtaining  accurate  predictions  of  the  movement  of  aircraft  toward  and 
within  the  terminal  area. 

Means  of  simulating  from  these  predictions  of  incoming  aircraft  the  interactions 
which  would  occur  if  they  performed  their  planned  descent  and  approach  procedures. 

A  strategy  for  amending  these  planned  descent  and  approach  trajectories  in  order  to 
resolve  the  perceived  interactions. 

This  could  involve: 

-  Changes  in  time  of  arrival  of  individual  aircraft  into  the  TMA. 

-  Changes  in  the  routing  of  individual  aircraft  in  the  TMA. 

-  Changes  of  speed,  height  etc. 

-  A  means  of  instructing  individual  aircraft  of  these  changes  to  their  flight  plan. 

This  whole  process  will  need  to  be  iterated  both  to  compensate  for  errors  in  the 
initial  information  and  to  make  fine  adjustments  in  the  trajectory  of  aircraft  as  they 
progress  toward  the  final  approach. 

The  next  sections  will  discuss  the  first  and  the  last  of  these  components 
-  Obtaining  predictions 

Instructing  flight  plan  modification 
(a)  PREDICTIONS 

It  has  been  pointed  out  that  a  Flight  Management  System  possesses  a  set  of 
information  associated  with  the  present  state  of  the  aircraft  and  its  predicted 
future  movement. 

Table  1  shows  the  suggested  content  of  a  buffer  of  data  which  could  be  output  by  a 
Flight  Management  Computer  in  order  to  report  the  present  state  and  future  movement. 
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TABLE  1 


ITEM 


LENGTH 


Flight  Number 
GMT 

Present  Posn. 

Altitude 

Cleared  Altitude 
Accuracy  Parameter 
TO  Waypoint 

-  Identifier 

-  Distance  nm 

-  bearing 

-  Estimated  time  at 
NEXT  Waypoint 

-  Identifier 

-  Location  Lat,  Long 

-  Estimated  time  at 
Continuing  by  Routing 
Termination 
Estimated  time  at 


6  bytes 
3  bytes 
3  bytes 
2  bytes 
2  bytes 

1  byte 

6  bytes 

2  bytes 

2  bytes 

3  bytes 

6  bytes 
3  bytes 

3  bytes 

4  bytes 
6  bytes 
3  bytes 


Top  of  Descent 

-  Time  at  3  bytes 

-  Location  Lat,  Long  3  bytes 


Destination 

-  Identifier  4  bytes 

-  Estimated  time  at  3  bytes 


Current  State 

-  Ground  Speed 

-  Track 

-  Wind  estimate 

-  Altitude  (FL) 

-  Temperature 


2  bytes 

2  bytes 

3  bytes 
3  bytes 
1  bytes 

79  bytes 


Adding  say  20  bytes  for  redundant  bits,  checksums  etc.  this  information,  output, 
say,  every  5  seconds  gives  a  data  rate  of  160  bits/second. 

If  a  link  is  time  shared  between,  say,  200  aircraft  this  would  require  a  rate  of 
32,000  bits/sec. 


(b)  Data  Exchange  -  the  value  of  the  predictions  that  an  individual  Flight  Management 

equipped  aircraft  can  provide  depend  upon  the  accuracy  of  the  information  upon  which 
it  bases  the  estimates. 


One  of  the  components  of  this  information  for  which  the  system  is  totally  dependent 
upon  external  sources  is  the  meteological  data. 

A  service  which  broadcasts  temperature  and  wind  information  over  a  grid  would 
enhance  the  validity  of  all  estimates  which  aircraft  is  that  region  could  produce. 

Clearly  the  source  of  such  information  would  be  the  down  loaded  data  discussed  in 
2. (a)  as  received  from  all  aircraft. 

Table  2  shows  a  possible  data  file  for  broadcasting  to  aircraft. 


TABLE  2 
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METEOROLOGICAL  DATA 


ITEM 

GMT 


Origin  Lat.  Long  (X  Y  ) 
Grid  Size  nm. 

Altitude 

xQyo  Wind,  Temp 

*1*0  ' 
x2yo  ’ 
x3yo  ' 
x-lyo  " 
x-2yo  " 
x-3yo  " 
xoyl  - 
xlyl  * 


etc . 

Repeated  for  6  altitude 


LENGTH 
3  bytes 

3  bytes 

1  byte 

2  bytes 
5  bytes 


35  bytes 


245  bytes 


=  1470  bytes 


Say  1500  bytes  of  data  =  12000  bits 

If  transmitted  every  30  secs-  =  400  bits/sec 

(c)  Flight  Plan  Modification  -  supposing  now  that  the  ATC  ground  facility  having 
received  the  present  position  and  prediction  data  from  all  the  aircraft  in  and 
approaching  the  terminal  area  has  run  its  'conflict  simulator'  and  identified  a 
number  of  conflicts  which  will  occur,  has  applied  its  resolution  strategy,  checked 
on  the  simulator  that  the  conflicts  previously  predicted  will  thereby  be  resolved. 
It  then  possesses  a  set  of  flight  plan  modifications  which  are  to  be  be  transmitted 
to  some  at  least  of  the  aircraft. 


The  communications  will  be  directed  to  the  individual  aircraft  concerned.  Consider 
the  way  in  which  these  flight  plan  modifications  are  handled  in  the  aircraft. 

It  is  clear  that  any  modification  to  a  flight  plan  cannot  be  allowed  to  become 
effective  without  the  Captain/First  Officer  understanding  the  change  and  then 
endorsing  it. 

The  principal  component  modifications  are  speed  changes  and  path  changes. 

i)  Speed  Changes  -  the  change  6 t  in  arrival  time  consequent  upon  a  change  4V  in 
the  ground  speed  V  when  the  distance  to  be  travelled  is  d  is 

at  -  -  dA2  A  V  (1) 


This  means  that  the  technique  is  most  effective  when  the  distance  is  large. 
Thus  with  d  «  100  nmiles,  V  «  300  kn,  a  10  kn  change  in  V  gives  At  «  40  sec. 

ii)  Path  Change  -  the  change  A t  in  the  arrival  time  is  proportional  to  the  change 
Ad  in  path  length 


At  -  AdA  (2) 

The  path  lengthening  can  be  effected  by  introducing  an  orbit,  a  hold  or  by 
effectively  replacing  a  straight  segment  of  path  by  a  dog  leg  which  diverts 
from  the  straight  path  by  a  distance  x. 

The  latter  gives: 

Ad  -  2x2/d  (3) 

where  x  is  the  cross  track  amplitude  of  the  dog  leg  over  a  distance  d. 


-  FfZ’ 
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Clearly  path  shortening  is  only  possible  if  the  basic  routing  contains  legs 
which  can  be  effectively  bypassed  by  going  direct. 

In  order  that  the  ATC  controllers,  themselves  can  monitor  the  operation  of  the 
automatic  system  on  the  ground,  it  is  suggested  that  there  will  be  long  and 
short  delta  routings  for  each  basic  STAR  which  will  provide  an  approximate  plus 
or  minus  one  minute  of  flight  time.  These  delta  routings  will  be  named  and 
stored  in  the  Flight  Management  Computer  data  base.  Communication  with  the 
aircraft  can  then  use  these  names,  the  system  can  construct  the  route  as  a 
Temporary  Flight  Plan  for  pilot  inspection  and  configuration.  In  this  way  the 
need  for  time  consuming  pilot  entry  procedure  at  a  time  of  already  high  work 
load  will  be  avoided.  Table  3  shows  a  typical  message. 

TABLE  3 


Item  Length 

Flight  Number  6  bytes 

GMT  3  bytes 

Planned  Arrival  Time  3  bytes 

Correction  to  Last  Reported  3  bytes 

Last  Reported  Ground  Speed  2  bytes 

Required  Speed  2  bytes 


Routing  Change 
Hold  at 


Identifier  6  bytes 

Inbound  Course  2  bytes 

Length/Time  1  byte 

Number  of  circuits,  L/R  1  byte 

Orbit  at 

Identifier  6  bytes 

Number  of  circuits,  L/R  1  byte 

STAR,  Delta  ^ 

Identifier  6  bytes 

Cleared  Altitude  2  bytes 


44  bytes 


With  an  update  interval  of,  say,  5  seconds  gives  30  bits/second. 

Any  such  modification  will,  if  is  proposed,  create  a  temporary  flight  plan  which 
will  be  presented  to  the  pilot  on  both  CDU  and  EFIS. 

The  EXECuting  of  this  temporary  will  cause  the  aircraft  to  begin  flying  the  modified 
plan. 

3.  CONCLUSIONS 

It  has  been  suggested  that  the  data  existing  in  Flight  Management  Computer  equipped 
aircraft  can  provided  an  ATC  ground  based  computer  with  the  raw  data  it  needs  to  predict 
potential  conflicts  before  they  arise. 

Further  it  is  suggested  that  amendments  to  the  flight  plan  generated  by  the  ground 
computer  in  order  to  resolve  these  conflicts  can  be  readily  handled  by  the  already 
existing  capabilities  of  Flight  Management  Computers. 

The  most  urgent  task  is  to  establish  the  communication  means  which  will  allow  this 
data  and  these  modification  instructions  to  be  exchanged  between  ground  and  air. 
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APPLICATION  OF  FLIGHT  PERFORMANCE  ADVISORY  SYSTEMS  TO  U.S.  NAVY  AIRCRAFT 
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U.S.  Naval  Air  Development  Center 
Warminster,  Pennsylvania  18974 


SUMMARY 


U 


The  U.S.  Navyi  in  its  Aircraft  Energy  Conservation  Research  and  Development 
Program,  Cis  currently  investigating  '■various?  methods  for  improving  the  fuel  efficiency 
of  existing  and  future  Navy  aircraft.  Fuel  saving  concepts  under  developments  include 
an  aircraft  integrated  flight  performance  advisory  system,  a  pre-flight  mission 
planning  program 1  izing^a  desk  type  computer  and  an  aircraft  performance  advisory 
system  using  an  HP-41  CV  hand-held  calculator. 


The  integrated  flight  performance  advisory  system  for  the  F/A-18 ,  the  A-7E,  and 
the  S-3  are  described  in  detail  by  reviewing  the  displayed  outputs  to  the  pilots  and 
describing  the  required  inputs  and  their  sources.  Features  of  each  aircraft  system 
are  described  in  accordance  with  the  development  status  of  the  program.  The  pre¬ 
flight  mission  planning  program  vjtl I i'zTn^  an  HP-9845  desktop  computer  is  described 
for  the  P-3C  aircraft.  The  approach  to  weather,  takeoff  and  cruise  are  described  by 
specifying  -the> input  and  output  data.  Sample  displays  are  also  shown.  The  hand-held 
HP-41  CV  calculator<vtili*e4-  for  flight  performance  predictions  is  described  for  the 
P-3C.  All  the  calculator  functions  are  described  for  “true  takeoff  and  cruise  flight 
modes  of  this  aircraft.  yThe  operational  status  of  these  three  programs  and  plans  for 
other  Navy  aircraft  are  aV$o  specified. 


INTRODUCTION 


The  U.S.  Navy,  in  its  Aircraft  Energy  Conservation  Research  and  Development 
Program,  is  currently  investigating  various  methods  for  improving  the  fuel  efficiency 
of  existing  and  future  fighter,  attack,  search  and  patrol  aircraft.  Fuel  savings 
concepts  under  development  include  an  aircraft  integrated  Flight  Performance  Advisory 
System  (FPAS)  to  provide  real  time  aerodynamic  performance  data  to  the  crew,  a  pre¬ 
flight  mission  planning  program  called  Fuel  Optimization  Routines  for  Energy 
Management  (FOREM)  and  an  on-board  aircraft  performance  advisory  system  using  a 
hand-held  HP-41  CV  calculator  called  the  Pocket-Size  Aircraft  Performance  Advisory 
Computer  (P-S  APAC). 

FLIGHT  PERFORMANCE  ADVISORY  SYSTEM  (FPAS) 

The  FPAS  program  commenced  with  an  analysis  of  the  quantity  of  fuel  used  by  Navy 
and  Marine  aircraft  based  upon  aircraft  type  and  mission.  Using  this  information, 
high  utilization  aircraft  which  will  be  in  the  inventory  for  the  next  10  to  15  years 
were  identified  for  possible  incorporation  of  the  FPAS. 

The  basis  of  the  FPAS  operation  is  a  set  of  pre-determined  algorithms  which 
describe  the  aerodynamic  performance  of  the  aircraft  in  flight  modes  such  as  take¬ 
off,  climb,  cruise,  loiter,  descent  and  landing.  The  system  is  implemented  on  the 
aircraft  by  the  use  of  a  computer,  a  control  and  display  unit,  and  interface 
provisions  to  the  aircraft  sensor  data. 

With  the  availability  of  the  algorithms  and  the  technology  level  of  the  aircraft 
there  are  two  basic  system  implementation  techniques.  The  coupled  system  or  Flight 
Performance  Management  System  drives  an  autothrottle  and  autopilot  directly, 
controlling  the  aircraft  altitude  and  airspeed  to  attain  the  most  efficient 
operation.  Presently  a  management  system  is  not  being  considered  for  Navy  aircraft. 
The  advisory  system  or  Flight  Performance  Advisory  System  provides  a  display  to  the 
aircrew  of  the  optimum  altitudes,  airspeeds  and  other  parameters  pertinent  to 
conserving  fuel  while  reducing  crew  workload.  Fuel  saving  can  also  be  translated  to 
additional  mission  capability  or  additional  flight  training  hours.  This  FPAS  system 
through  its  integration  with  other  systems  and  sensors  on  the  aircraft  can  also 
provide  in  a  military  situation,  return  to  base  data,  alternative  base  flight 
information  and  performance  data  for  an  aircraft  degraded  by  combat  damage  or  a 
system  malfunction. 

The  FPAS  type  of  system  utilizes  sensor  information  about  atmospheric 
conditions,  aircraft  weight  and  drag  configuration  and  any  other  variables  needed  by 
the  operating  algorithms.  The  FPAS  must  also  provide  an  interface  with  the  aircrew 
which  simplifies  the  task  of  operating  the  aircraft  efficiently.  In  most  systems  the 
interface  provides  for  the  selection  of  an  operating  flight  mode  and  observing  the 
results.  In  an  austere  system  the  aircrew  may  have  to  perform  many  entry  tasks  and 
fly  the  aircraft  in  response  to  the  advisory  outputs.  Examples  of  data  input  to  the 


i 
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computer  are  zero  fuel  weight,  fuel  weight,  drag  configuration,  wind  speed  and 
direction,  temperatures  and  pressures,  navigational  waypoints,  stores  inventory,  and 
engine  sensor  data.  Examples  of  data  output  are  optimum  speeds  and  altitudes  for 
maximum  specific  range  and  endurance  flight  modes,  power  settings,  climb  and  descent 
speeds,  distance  to  top  of  descent,  optimum  number  of  engines,  fuel  remaining  at 
waypoints,  time  and  range  for  current  and  optimum  conditions  and  fuel  required  to 
return  to  base  or  alternate  waypoint. 

The  operating  limits  of  the  above  input  and  output  values  are  consistent  with 
the  established  Naval  Air  Training  and  Operating  Procedures  standardization  (NATOPS) 
Flight  Manual  operating  range.  The  performance  equations  developed  for  each  aircraft 
are  based  upon  the  aircraft  performance  data  contained  in  the  NATOPS  manual.  This 
paper  presents  a  summary  of  the  FPAS  programs  developed  for  the  S-3A,  the  A-7E  and 
the  F/A-18.  These  aircraft,  while  representing  the  search  type,  the  attack  type  and 
the  fighter  attack  also  illustrate  the  different  levels  of  implementation  possible 
with  aircraft  of  advancing  technology  levels.  As  the  F/A-18  aircraft  will  have  the 
most  sophisticated  FPAS,  it  will  be  emphasized  during  the  presentation. 

F/A-18  FPAS 

The  approach  to  implementation  of  the  F/A-18  FPAS  is  to  identify  the  alternative 
methods,  that  is,  what  systems  are  available  that  can  provide  the  computational, 
display  and  control  assets.  On  the  F/A-18  this  resolved  into  using  the  mission 
computer  and  the  cathode  ray  tube  (CRT)  of  the  Horizontal  Situation  Display  (HSD)  and 
the  Digital  Data  Indicator  ( DDI )  display.  Due  to  the  technical  sophistication  of 
this  aircraft  all  sensor  information  can  be  automatically  provided.  Introduction  of 
the  FPAS  to  this  aircraft  is  a  software  only  modification  to  the  Operational  Flight 
Program  (OFP)  tape  and  will  require  approximately  6000  words  of  memory  in  the 
computer.  Analysis  has  determined  that  this  system  promises  to  be  cost  effective  in 
that  the  fuel  saved  will  pay  for  the  system  during  the  remaining  life  of  the 
aircraft.  Fuel  savings  are  estimated  to  be  three  (3)  per  cent  and  based  on  500 
aircraft  with  fuel  at  $1  per  gallon  could  equal  $5M  saved  per  year  or  eleven  (11) 
additional  flight  hours  per  year  for  each  aircraft. 

The  F/A-18  FPAS  displays  to  the  pilot  on  the  Horizontal  Situation  Display  Figure 
1,  the  fuel  remaining  at  a  selected  waypoint,  the  descent  distance  to  the  selected 
waypoint  and  the  distance,  time  and  bearing  to  the  waypoint.  This  information  is 
calculated  from  whatever  source  of  navigational  data  the  pilot  has  available  or 
chooses  to  select. 

On  the  Digital  Display  Indicator,  Figure  2,  the  pilot  can  select  FPAS  from  the 
displayed  menu.  With  a  predetermined  fuel  reserve  he  can  obtain  total  range  and 
endurance  at  his  current  Mach  number  and  altitude,  the  optimum  Mach  number  at  his 
current  altitude  with  respective  range  and  endurance,  and  the  optimum  Mach  number  and 
altitude  with  their  range  and  endurance.  The  optimum  climb  and  descent  indicated  air 
speed  (IAS)  and  mach  number  are  also  provided  on  the  Heads  Up  Display  (HUD)  when  the 
climb/descent  key  on  the  Horizontal  Situation  Display  is  depressed. 

Features  included  in  this  system  are  actual  stores  configuration  weight  and  drag 
count.  The  aircraft  will  automatically  decrement  the  stores  weight  and  drag  as  the 
stores  are  deployed. 

The  system  is  also  adaptive  in  that  range  and  endurance  data  is  adjusted  by 
using  the  actual  fuel  flow.  Initial  predictions  are  calculated  using  the  fuel  flow 
algorithm.  Then  the  calculated  fuel  flow  at  current  flight  conditions  is  compared  to 
the  actual  fuel  flow  and  the  variation  is  applied  to  the  predicted  values.  In  this 
manner  the  system  more  nearly  represents  the  actual  aircraft  performance  regardless 
of  whether  it  is  due  to  engine  or  airframe  inefficiencies.  All  calculations  include 
the  effect  of  current  winds  with  off  course  winds  included  in  the  waypoint  fuel 
remaining  calculation. 

Each  mission  profile  is  also  optimized,  that  is,  the  range  and  endurance  at  the 
optimum  altitude  includes  the  effect  of  climb,  and  all  range  and  endurance 
predictions  include  the  effect  of  descent.  For  example,  the  range  utilizing  optimum 
altitude  and  mach  number  would  include  fuel  and  distance  for  climb,  acceleration  and 
descent . 

The  F/A-18  FPAS  is  now  in  the  development  stage.  The  displays  have  been  very 
well  received  by  fleet  pilots.  A  suggestion  by  the  pilots  that  single  engine 
performance  be  included  is  being  implemented.  This  will  take  the  form  that  should  an 
engine  fall,  the  data  presented  would  be  for  single  engine  performance  with 
appropriate  drag  modifications.  This  system  is  expected  to  become  operational  in 
1988. 

The  F/A-18  FPAS  is  the  most  sophisticated  FPAS  system  presently  in  development 
for  Navy  aircraft.  It  requires  no  manual  inputs  by  the  pilot.  The  pilot  selects 
FPAS  from  a  menu  and  all  information  is  continuously  displayed  to  him  in  real  time. 


FIGURE  1.  F/A-1S  HORIZONTAL  SITUATION  MSFLAY  (HSO) 


FIGURE  2.  F/A-1S  FFAS  OKUTAL  WSPLAY  MMCATOR  (DOS 
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A-7E  FPAS 


The  A-7E  FPAS  illustrates  the  development  of  a  performance  advisory  system  on  an 
aircraft  of  significantly  older  technology  than  the  F/A-18.  As  in  the  F/A-18,  the 
approach  for  the  A-7E  FPAS  specified  a  software  only  modification.  The  system  has 
been  developed  and  is  in  the  test  and  validation  phase  now.  It  is  expected  to  be 
introduced  into  the  fleet  late  this  year.  The  system  consists  of  imbedded  software 
in  the  Operational  Flight  Program  tape  and  is  an  integral  element  of  the 
tac t ica 1/nav igat iona 1  computer.  The  pilot  interface  is  via  a  computer  keyboard  and 
data  display.  The  system  is  limited  but  does  provide  data  to  advise  the  pilot  of  the 
optimum  airspeed  and  altitude  and  the  optimum  airspeed  at  the  current  altitude.  This 
data  is  presented  for  both  the  cruise  and  endurance  flight  modes.  For  both  of  the 
combinations  the  optimum  and  current  specific  range  and  the  optimum  and  current 
specific  endurance  is  presented  to  the  pilot.  The  current  fuel  flow  and  current  true 
airspeed  are  also  displayed. 

On  the  pilot's  control  display,  Figure  3,  there  are  only  two  windows  for 
presenting  flight  data.  The  pilot  must  key  in  a  numeric  code  on  the  keyboard  for  the 
flight  parameters  he  wishes  to  see.  This  additional  workload  is  judged  to  be 
acceptable  for  the  information  provided.  The  A-7E  computer  does  not  have  fuel  weight 
information  available  to  it  for  the  performance  calculations.  Therefore,  the  pilot 
enters  the  initial  fuel  weight  and  the  fuel  flow  algorithm  is  integrated  as  a 
function  of  time  to  determine  the  instantaneous  fuel  weight.  The  pilot  modifies  the 
i nstantaneous  fuel  weight  by  comparing  the  calculated  fuel  flow  with  the  actual, 
entering  the  actual,  and  having  the  computer  apply  the  difference  to  the  flight 
parameters.  The  accuracy  of  this  procedure  has  been  validated  by  flight  testing  on 
an  instrumented  aircraft.  The  drag  count,  stores  weight  and  current  wind  are  also 
ma i nta i ned  . 

For  this  aircraft  the  maximum  fuel  savings  is  S2M  in  a  single  year  and  then 
decreasing  as  the  aircraft  goes  out  of  service. 


S-3  FPAS 


The  third  aircraft  tor  which  an  FPAS  is  planned  is  the  S-3.  This  is  a  twin 
turbofan  search  type  aircraft  operating  from  land  and  carrier  bases.  The  system  for 
this  aircraft  is  in  the  early  development  stage.  This  FPAS  modification  will  also  be 
a  software  only  modification.  The  FPAS  system  will  utilize  a  Communication  Control 
Group  ( CCG  I  processor  which  is  a  recent  replacement  for  a  logic  unit  type 
commun icat ion  system.  This  new  CCG  system  has  computer  assets  and  a  control  and 
display.  Figures  4  and  5,  ideally  suited  to  and  in  good  cockpit  position  for  use  as 
an  FPAS.  It  is  planned  to  integrate  this  system  with  the  mission  computer  and  other 
sensor  sources  thereby  minimizing  pilot  workload.  The  goal  will  be  to  present 
parameters  as  alike  to  the  F/A-18  as  possible.  To  date,  the  performance  algorithms 
have  been  developed  by  digitizing  the  data  in  the  flight  manual  and  an  FPAS  with  all 
manual  inputs  has  been  demonstrated  on  the  control  communications  group  hardware. 
Success  of  the  system  is  dependent  on  the  level  of  increased  pilot  workload. 

FUEL  OPTIMIZATION  ROUTINES  FOR  ENERGY  MANAGEMENT  (FOREM) 

The  pre-flight  mission  planning  FOREM  system  uses  a  Hewlett  Packard  9845  desktop 
computer  to  provide  aircrews  with  a  convenient  and  accurate  means  of  flight  planning. 
The  HP  9841  computer  was  selected  because  it  was  already  widely  used  at  Navy 
installations.  The  computer  is  no  longer  available  from  the  manufacturer .  Present 
plans  call  for  transition  to  the  Hewlett  Packard  9020  which  has  been  designated  as 
the  Navy  Standard  Tactical  Desktop  Computer.  The  9020  is  a  32  bit  machine  using 
disks  vice  the  9845  which  is  a  16  bit  machine  using  cassette  tapes. 

The  goals  of  the  FOREM  system  are  to  promote  fuel  savings  and  to  reduce  mission 
planning  time.  Fuel  savings  of  at  least  one  per  cent  are  expected  by  providing  crews 
with  a  convenient  method  of  accurately  computing  mission  fuel  requirements  and  fuel 
efficient  flight  parameters.  The  reduction  of  mission  planning  time  to  ten  minutes 
or  less  is  expected  by  computing  flight  parameters  that  aircrews  presently  obtain  via 
tedious  manipulation  of  NATOPS  aircraft  performance  graphs  and  tables. 

P-3C  FOREM 

Using  the  P-3C  as  an  example,  the  two  methods  of  mission  planning  currently 
available  are  the  aircraft  performance  graphs  and  tables  contained  in  Section  XI  of 
the  P-3C  NATOPS  Manual  or  use  of  the  Optimum  Path  Aircraft  Routing  System  ( OPARS ) . 

The  P-3C  NATOPS  Flight  Manual  contains  flight  performance  data  which  can  be  used  to 
accurately  plan  the  fuel  requirements  and  optimal  flight  parameters  of  a  mission. 
However,  the  time  required  to  do  so  discourages  crews  from  thoroughly 

planning  missions. 


OPARS  does  not  provide  detailed  planning 
for  tactical  missions  and  when  OPARS  is  busy  the  system  response  time  is  several 
hours . 
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The  FOREM  system  is  designed  to  be  computationally  sophisticated  yet  simple  to 
learn  and  operate.  The  system  consists  of  a  Hewlett  Packard  HP  9845B  desktop 
computer,  a  Hewlett  Packard  HP  2631B  printer  and  a  series  of  magnetic  tape 
cartridges.  Two  tape  cartridges  contain  the  P-3C  FOREM  program.  Other  tape 
cartridges  hold  a  library  of  planned  missions.  Another  cartridge  is  used  to  store 
local  weather  forecasts.  The  system  is  organized  in  a  task  menu  format  and  tells  the 
user  exactly  what  to  do  each  step  of  the  way  via  instructions  displayed  on  the  CRT. 
After  automatically  loading  the  program  into  the  computer,  FOREM  instructs  the  user 
to  eject  the  two  P-3C  FOREM  program  tape  cartridges.  Next,  the  user  is  instructed  to 
select  one  of  the  six  tasks  performed  by  the  P-3C  FOREM.  A  brief  explanation  of  the 
purpose  of  each  task  is  displayed  as  follows: 

CATALOG  LIBRARY  -  Print  out  the  date,  author  and  a  brief  description  of  each 

mission  on  a  mission  library  tape. 

ERASE  LIBRARY  -  Erase  one  or  more  missions  from  a  library  tape. 

COPY  LIBRARY  -  Copy  entire  contents  of  one  library  tape  to  another.  Select 

this  task  to  update  the  Spare  Copy  of  your  mission  library  tape  from  the  Master  Copy. 

PLAN  MISSION  -  Compute  the  flight  plan  for  new  mission  or  recall,  modify  and 

recompute  one  of  the  missions  in  the  library. 

PLAN  TAKEOFF  -  Compute  takeoff  speeds,  distances,  shaft  horsepower  (SHP), 

etc . 

UPDATE  WEATHER  - Enter  the  latest  winds  and  temperatures  for  the  local  area 

for  use  in  computing  local  flights. 

Upon  selection  of  a  task,  a  sequence  of  displayed  instructions  directs  the  user 
in  carrying  out  that  task.  There  are  no  limits  as  to  the  number  of  times  and  order 
in  which  the  tasks  can  be  selected.  The  three  tasks  of  Update  Weather,  Plan  Takeoff 
and  Plan  Mission  are  discussed  in  further  detail. 

UPDATE  WEATHER 

The  Update  Weather  Function  task  is  used  to  enter  the  local  area  forecasts  into 
the  memory  of  the  computer  for  use  in  computing  local  flights.  The  user  is 
instructed  to  enter  area  temperatures  at  sea  level  and  the  winds  at  eight  altitudes 
ranging  from  3,000  feet  to  39,000  feet.  The  user  also  indicates  the  time  period  for 
which  the  forecast  is  valid.  The  user  can  request  FOREM  to  record  the  entered 
forecast  on  the  P-3C  '‘OREM  weather  tape.  When  a  new  forecast  is  similar  to  the 
previous  day's  forecast,  the  user  need  not  enter  the  new  forecast  from  scratch.  If 
the  previous  forecast  was  recorded  on  tape,  the  user  can  simply  read  the  recorded 
forecast  back  into  the  memory  of  the  computer  and  then  modify  it. 

The  weather  tape  presently  contains  data  representing  three  geographic  areas, 
Moffett  Field,  Jacksonville  and  NADC/NATC,  at  which  FOREM  is  now  in  use.  Following 
the  selection  of  a  weather  area  the  display  indicates  the  time  period  for  which  the 
forecast  is  valid.  On  the  next  display  FOREM  gives  the  temperature  and  wind  data  for 
the  applicable  weather  area.  Each  weather  area  is  defined  by  eighteen  positions. 
These  positions  are  separated  by  five  (5)  degrees  of  latitude  and  five  (5)  degrees  of 
longitude.  The  weather  tableau  containing  the  applicable  positions  is  displayed  on 
Figure  6. 

Due  to  the  limited  size  of  the  CRT  display,  the  user  initially  enters  data  for 
the  first  ten  positions.  The  display  is  then  cleared  and  the  user  enters  data  for 
the  remaining  eight  positions.  If  the  common  data  base  does  not  contain  a  forecast 
for  the  selected  area,  temperatures  at  sea  level  are  set  to  +15  C  (standard  day)  and 
winds  are  set  to  zero. 

PLAN  TAKEOFF 

In  the  Plan  Takeoff  function  task,  the  user  enters  aircraft  weight,  drag  count, 
Turbine  Inlet  Temperature  (TIT),  pressure  altitude,  temperature,  runway  heading, 
wind  direction,  wind  speed,  Runway  Condition  Reading  (RCR),  runway  slope  and  runway 
length.  FOREM  then  computes  decision  speed,  refusal  speed,  rotation  speed,  liftoff 
speed,  3  engine  climbout  speed,  4  engine  climbout  speed,  minimum  control  groundspeed, 
minimum  control  airspeed,  stall  speed,  distance  at  80  knots,  distance  at  refusal 
speed,  4  engine  liftoff  distance,  95  percent  SHP  at  80  knots,  100  percent  SHP  at  80 
knots,  3  engine  military  power  rate  of  climb,  crosswind  and  headwind/ta i lwind . 
Following  selection  of  the  Plan  Takeoff  task,  the  takeoff  inputs  list  is  displayed  as 
shown  in  Figure  7. 

The  list  appears  exactly  as  shown  in  Figure  7  the  first  time  the  Plan  Takeoff 
task  is  selected  following  loading  of  the  program.  Upon  subsequent  selection  of  the 
Plan  Takeoff  task,  the  values  displayed  in  the  list  are  the  values  entered  by  the 
last  user  to  plan  a  takeoff.  Also,  following  the  computation  of  each  planned  mission 
in  the  plan  Mission  task,  the  takeoff  zero  fuel  weight  (ZFW),  takeoff  drag  count  and 
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ZERO  FUEL  WEIGHT 


64000  LBS 


TAKEOFF  FUEL 
DRAG  COUNT 

TURBINE  INLET  TEMPERATURE 

ENGINE  ANTMCING 

RUNWAY  PRESSURE  ALTITUDE 

RUNWAY  AMBIENT  TEMPERATURE 

RUNWAY  HEADING 

WIND  DIRECTION 

STEADY  WIND  SPEED 

WIND  GUST  SPEED 

RUNWAY  CONDITION  READING 

RUNWAY  SLOPE 

AVAILABLE  RUNWAY  LENGTH 


30000  LBS 
0 

1010  DEGS  C 
NO 
0  FT 

+  13  DEGS  C 
0  DEGS 
0  DEGS 
0  KTS 
0  KTS 
23 

0.0  *4 
5000  FT 


ENTER  ZERO  FUEL  WEIGHT  (66000  TO  90000  LBS)  THEN  PRESS  CONT. 


S13GA-66-D1T9T 


ENTER  HERE. 


LBS 


FIGURE  7.  P-3C  RUM  TAKEOFF  TASK  SMUTS 


SRC  COS  (KIAS)  DISTANCES  (FT) 


VD 

OS 

VS03 

135 

4  ENGINE  ACCELERATION  TO  RO  KTS 

130 

VR 

01 

VS04 

134 

4  ENGINE  ACCELERATION  TO  VR 

JJJBL 

VRO 

134 

VMCO 

so 

4  ENGINE  LIFTOFF  DISTANCE 

2330 

VLOF 

_LML 

VMCA 

JLfift. 

VS 

110 

*5%  SNR  AT  «0  KTS  3700  100%  SHR  AT  00  KTS  3000 

3  ENOINE  MILITARY  ROWER  RATI  OF  CLIMO  430  FT /MIN 
CROSSWINO  37  KTS  HI  AO  WIND/ TAILWIND  M  33  KTS 


WARNING:  A/C  OVERWEIGHT.  DCdSJON  SPEED  EXCEEDS  REFUSAL  SPEED. 
WARNING:  CROSSWIND  EXCEEDS  NATORS  LIMIT  OF  33  KNOTS. 


WOULD  YOU  LIKE  A  PRINTOUT  OF  THE  DISPLAYED  DAT  AT 


FIGURE  •.  F-JC  RUM  TAKEOFF  TASK  OUTPUTS 
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takeoff  fuel  used  to  compute  the  mission  are  automatically  transferred  to  the  takeoff 
inputs  list  via  the  common  data  base.  The  takeoff  output  values  are  then  computed 
and  displayed  as  shown  on  Figure  8.  The  computed  speeds  are  defined  as  follows. 

VD  -  Decision  Speed:  NATOPS  chart  value  for  slope  and  wind.  if  VD  is  less 

than  refusal  speed  (VR),  VD  is  set  equal  to  VR.  If  VD  is  greater  than  rotation  speed 
(VRO),  VD  is  set  to  VRO. 

VR  -  Refusal  Speed:  NATOPS  chart  value  adjusted  for  slope  and  wind.  I f  VR 

is  greater  than  rotation  speed  (VRO),  VR  is  set  equal  to  VRO. 

VRO  -  Rotation  Speed:  NATOPS  ALTERNATE  TAKEOFF  SPEED  SCHEDULE  value.  VRO 

exceeds  minimum  control  airspeed  (VMCA)  by  at  least  5  percent. 

VLOF  —  Four  Engine  Liftoff  Speed:  NATOPS  ALTERNATE  TAKEOFF  SPEED  SCHEDULE 
value . 


V503  &  V504  --  Three  Engine  and  Four  Engine  Climbout  Speeds:  NATOPS  ALTERNATE 
TAKEOFF  SPEED  SCHEDULE  values.  V503  and  V504  exceed  zero-thrust  stall  speed  by  at 
least  15  percent. 

VMCG  —  Minimum  Control  Ground  Speed. 

VMCA  —  Minimum  Control  Airspeed:  (1  engine  inoperative,  5  degree  favorable 
bank  angle )  . 

VS  -  Stall  speed  (power  on,  18  degree  flaps,  0  bank  angle). 

The  following  alerts  are  displayed  when  applicable. 

WARNING:  A/C  OVERWEIGHT.  DECISION  SPEED  EXCEEDS  REFUSAL  SPEED. 

WARNING:  CROSSWIND  EXCEEDS  NATOPS  LIMIT  OF  35  KNOTS. 

If  the  user  answers  YES  to  the  printout  option,  the  computer  takeoff  outputs  are 
then  printed  on  the  thermal  printer. 

PLAN  MISSION 

The  Plan  Mission  Function  task  provides  planning  for  ASW  (Anti-Submarine 
Warfare),  SSSC  (Surface/Subsurface  Surveillance  Coordination),  mining  and  transit 
missions  containing  up  to  twenty  waypoints.  For  ASW  and  SSSC  missions,  planning  is 
provided  for  up  to  two  loiter  stations.  For  each  mission,  the  user  either  specifies 
the  takeoff  fuel  weight  or  request  FOREM  to  compute  the  optimal  takeoff  fuel. 

The  user  may  enter  a  cruise  flight  level,  cruise  speed,  percent  time  engine 
anti-icing  in  use,  temperature  and  winds  for  each  leg  of  the  mission.  A  leg  is 
defined  as  the  flight  segment  from  one  waypoint  to  the  next.  For  the  cruise  flight 
level,  the  user  either  specifies  a  level  or  requests  FOREM  to  compute  the  maximum 
range  IFR  (Instrument  Flight  Regulations)  level.  When  the  maximum  range  flight  level 
is  requested,  FOREM  also  performs  step  climb  calculations.  For  cruise  speed,  the 
user  either  specifies  a  speed  or  requests  FOREM  to  calculate  the  maximum  range  speed. 
FOREM  adjusts  cruise  fuel  flows  for  the  indicated  amount  of  engine  anti-icing. 

For  ASW  and  SSSC  missions  in  which  the  user  specifies  the  takeoff  fuel  weight, 
the  following  values  are  computed  to  aid  the  user  in  the  determination  of  maximum 
t ime-on-stat ion . 

*  Fuel  remaining  upon  arrival  on  station. 

*  Fuel  required  for  the  cru i se- f rom-stat ion . 

*  Fuel  available  for  loiter  for  both  normal  and  Prudent  Level  of  Endurance  (PLE) 
scenarios . 

*  Maximum  endurance  speeds,  engine  configurations  and  fuel  flows. 

The  Waypoint  Tableau  contains  the  navigation  and  cruise  parameters  for  the 
mission.  If  the  user  has  recalled  a  mission  or  the  user  has  opted  to  plan  another 
version  of  a  mission,  the  Waypoint  Tableau  (containing  the  previously  entered 
parameters)  is  displayed. 

FOREM  provides  for  the  entry  of  up  to  20  waypoints  per  mission.  Waypoint  number 
1  is  the  position  upon  takeoff.  The  final  waypoint  is  the  position  upon  landing.  A 
sequence  of  instructions  directs  the  user  to  enter  information  for  each  waypoint. 

Due  to  the  limited  size  of  the  CRT  display,  the  user  initially  enters  data  for  up  to 
10  waypoints.  If  the  mission  requires  more  than  10  waypoints,  the  display  is  then 
cleared  and  the  user  enters  data  for  the  remaining  waypoints.  The  PLAN  MISSION  TASK 
display  is  shown  in  Figure  9.  If  the  user  has  recalled  a  mission  or  the  user  is 
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P-3C  FOREMl  blllll  1. 
PLAN  MISSION  TASK 


WAYPOINT  INFORMATION 

INFORMATION  FOR  CRUISE  TO  NEXT  WAYPOINT 

ACTN 
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LAT/LONG 

RUMB 

LINE 

TRUE 

BOG 

RUMB 
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DIST 

(,m) 

GRT 
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DIST 

(km) 

FLIGHT 
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CRUISE 

MAS 

X  TIME 
ENGINE 
ANTI-ICE 

IN  USE 

T/0 

WIL0W 

40  12. ON  075  08.9V 

68 

68 

68 

190 

250 

10 

N.Y. 

40  38. ON  073  46. OH 

72 

272 

272 

MAXXNG-EAST 

5 

MINE 

Z0ME1 

42  00. ON  068  00. OH 

252 

341 

341 

MAXKNG-VEST 

0 

LAND 

WILOW 

40  12. ON  075  08. 9W 

Would  you  like  a  printout  of  the  displayed  data? 


YES 


NO 


FIGURE  9.  P-3C  PLAN  MISSION  TASK  WAYPOINT  INPUT  DATA 


P-3C  FOREM:  Release  1.0 
PLAN  MISSION  TASK 


|  Navigational  Method - - >  RHUMB  LINE| 

Reserve  (On-Top)  Fuel  Weight - - >  8000  LBS 

Takeoff  Fuel  Weight  - >  OPTIMAL 

ZFW  at  Takeoff  - >  68000  LBS 

ZFW  upon  leaving  Loiter  Station  #1 - > 

ZFW  upon  leaving  Loiter  Station  #2 - > 

ZFW  following  Mining  Run - >  68000  LBS 

Drag  Count  at  Takeoff - >  0 

Drag  Count  upon  leaving  Loiter  Station  #1  - > 

Drag  Count  upon  leaving  Loiter  Station  #2  - > 

Drag  Count  following  Mining  Run  - >  0 

Field  Elevation  at  Takeoff - >  0  FT 

Field  Elevation  at  Landing - >  0  FT 

Cruise  Flight  Level  Lialt  - >  270  FL 

Duration  of  Mining  Run  - >  10  MINS 


Select  NAVIGATIONAL  METHOD. 


RHUMB 

GREAT 

LINE 

CIRCLE 

FIGURE  10.  P-3C  PLAN  MISSION  TASK  DATA  LIST 
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planning  another  version  of  a  previously  entered  mission,  the  data  list  containing 
the  previously  entered  data  is  displayed.  If  the  user  has  not  recalled  a  mission  and 
is  not  planning  another  version  of  a  previously  entered  mission,  the  data  list 
containing  default  values  is  displayed  as  shown  in  Figure  10. 

The  major  output  of  the  Plan  Mission  task  is  a  "Howgozit''  tableau  shown  in 
Figure  11.  The  tableau  contains  the  computed  elapsed  time,  flight  time  remaining, 
distance  remaining,  fuel  remaining,  fuel  flow,  flight  level,  TIT,  SHP,  IAS,  TAS , 
ground  speed,  specific  range,  indicated  outside  air  temperature  and  headwind  or 
tailwind  component  at  the  end  of  each  climb,  cruise,  descent  and  loiter  segment  of 
the  mission.  Hourly  checkpoints  are  also  included  for  cruise  and  loiter  segments. 

Space  is  provided  in  the  Howgozit  tableau  for  the  user  to  record  the  actual  values  at 
each  checkpoint  during  the  flight. 

The  Plan  Mission  task  enables  the  user  to  quickly  and  easily  plan  several 
versions  of  a  mission.  This  is  useful  when  planning  missions  with  unknown 
parameters.  For  example,  if  no  wind  data  is  available  or  the  winds  forecast  is 
questionable,  the  user  may  wish  to  plan  three  versions  of  the  mission  (best  case, 
worst  case  and  prcbable  case).  The  three  Howgozits  would  be  carried  on  board  and  the 
most  appropriate  Howgozit  then  used. 

Following  the  printout  of  the  Howgozit  tableau,  the  user  can  request  FOREM  to 
add  the  mission  to  the  mission  library.  Missions  recorded  on  the  library  tapes  can 
be  recalled,  modified  and  recomputed  at  any  future  date.  Future  mission  planning 
time  is  greatly  reduced  by  building  a  library  of  the  missions  most  often  flown  by  the 
squadron . 

POCKET-SIZE  AIRCRAFT  PERFORMANCE  ADVISORY  COMPUTER  ( P-S  APAC ) 

A  commercially  available  HP-41CV  computer  containing  a  specific  Read  Only  Memory 
(ROM)  module  advises  aircrew  members  of  those  in-flight  parameters,  such  as  altitude 
and  airspeed,  that  permit  optimization  of  available  fuel.  The  ROM  module  contains  a 
software  program  based  on  the  performance  curves  of  the  NATOPS  manual. 

By  keying  in  vital  inputs  as  they  are  prompted  on  the  computer's  display, 
various  flight  mission  segments  can  be  optimized.  These  inputs  include  aircraft 
weight,  drag  index,  fuel  on  board,  wind  speed  and  direction,  and  air  temperature,  for 
take-off,  cruise,  loiter,  descent  and  bingo  flight  modes.  The  P-S  APAC  can  be  used 
as  a  quick  pre-flight  mission  planning  tool  or  can  be  used  in  flight  to  advise 
aircrews  of  altitude  and  airspeed  changes.  Each  P-S  APAC  ROM  module  and  interactive 
program  is  customized  to  each  type,  model  and  series  aircraft  in  the  Navy.  The  HP- 
410/  computer  is  completely  independent  of  the  aircraft's  electrical  system,  and  is 
lightweight,  portable  and  inexpensive. 

The  objective  of  this  program  is  to  optimize  fuel  use.  It  is  estimated  that 
limited  use  can  inspire  better  than  1%  fuel  savings  per  year.  This  translates  into 
about  $8-10  million  per  year.  The  computer  and  development  program  can  be  amortized 
by  a  small  fraction  of  this  savings. 

P-3C  P-S  APAC 

The  P-S  APAC  for  the  P-3C  aircraft  will  be  described  to  further  illustrate  this 
program.  Based  upon  user  input  of  aircraft  and  weather  data,  the  APAC  will  calculate 
and  display  optimum  flight  parameters  for  climb,  cruise,  loiter  and  descent. 

Additional  information  provided  by  the  APAC  includes  weight  and  balance  conditions, 
takeoff  parameters,  a  wind  calculation  and  a  temperature  calculation.  The  APAC  is 
used  in  the  battery  operated  HP-41CV  calculator,  programmed  to  support  flight 
planning.  The  calculator  face  is  modified  with  a  special  overlay  which  provides 
labels  that  identify  APAC-peculiar  keys  (see  Figure  12). 

The  operating  keys  are  used  to  input  data  into  the  APAC  and  to  obtain  data 
previously  input  or  output.  The  operating  keys  perform  the  fc1 lowing  functions. 

The  ON  key  turns  the  APAC  on  in  the  USER  mode  ani  also  turns  it  off. 

The  USER  key  activates  the  USER  and  NORMAL  modes  depending  upon  which  mode  is  in 

.  S  —  . 

rh~  Yks/GO  key  enters  input  values  and  affirmative  responses  to  prompts.  It 
■  sr  ps  the  calculations  when  a  program  is  running;  starts  calculations  when  a 
is  nt  t  running  . 

'  •  V.  »vy  inters  negative  responses  to  YES/NO  prompts  (e.g.,  T.I.T  =  1010  Y/N). 

'  ias  only  two  possible  responses,  it  automatically  inputs  the  other 
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FIGURE  11.  P-3C  *HOWGOZIT*  TABLEAU 
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The  CLEAR  key  erases  the  last  entered  digit  from  the  display.  The  entire  value 
displayed  can  be  erased  one  digit  at  a  time  by  repeatedly  pressing  the  key. 

The  INPUT  key  initiates  the  display  of  the  current  flight  mode  followed  by  the 
values  previously  entered  for  that  function.  This  is  not  operative  in  the  takeoff 
and  C.G.  functions. 

The  OUTPUT  key  initiates  the  display  of  the  current  flight  mode  followed  by  the 
outputs  previously  computed.  This  is  not  operative  in  the  takeoff  and  C.G. 
functions . 

The  XEQ  key  executes  flight  parameter  calculations  after  updates. 

The  SHIFT  key  deletes  the  entire  display  in  a  single  step  when  used  with  the 
CLEAR  key.  The  SHIFT  key  is  the  gold  unlabeled  key  on  the  calculator.  (It  is  white 
in  Figure  10) . 

The  function  keys  are  used  to  activate  equations  which  compute  flight 
performance  parameters  specific  to  each  mission  phase  (climb,  cruise,  etc.). 

Pressing  a  function  key  initiates  a  series  of  prompts.  The  responses  to  the  prompts 
are  used  to  compute  flight  planning  outputs.  All  flight  functions  are  performed  with 
the  USER  program  activated.  Some  values  are  carried  from  one  function  to  another,  if 
a  total  memory  clear  is  not  performed.  The  APAC  does  not  sum  fuel,  time,  or  distance 
values  across  flight  functions.  These  must  be  calculated  by  the  user.  The  function 
keys  are:  CLMB ,  CRUS,LOIT,  DSCNT,  WIND,  TEMP,  TK.OFF,  and  C.G. 

The  CLMB  key  activates  the  climb  function  which  computes  a  near-optimal  climb 
profile  including  climb  fuel  and  optimal  airspeed. 

The  CRUS  key  activates  the  cruise  function  which  computes  optimal  cruise 
altitude  and  airspeed,  and  related  flight  parameters. 

The  LOIT  key  activates  the  loiter  function  which  computes  optimal  loiter 
altitude  and  airspeed,  and  related  flight  parameters. 

The  DSCNT  key  activates  the  descent  function  which  computes  optimal  descent 
airspeed  and  descent  distance. 

The  TK.OFF  key  activates  the  takeoff  function  which  computes  NATOPS  takeoff 
parameters . 

The  C.G.  key  activates  the  weight  and  balance  function  which  computes  percent 
mean  aerodynamic  chord,  zero  fuel  weight,  gross  weight,  and  total  moment. 

The  WIND  key  activates  the  wind  function  which  computes  the  wind  component  and 
automatically  inputs  it  into  the  cruise  and  descent  modes. 

The  TEMP  key  activates  the  temperature  function  which  computes  delta  T  from 
altitude,  airspeed,  and  indicated  outside  air  temperature  inputs. 

The  update  keys  are  used  to  change  flight  variables  after  initial  inputs  into 
the  APAC  flight  functions.  This  allows  updates  of  values  without  repeating  the 
entire  input  sequence.  When  an  update  key  is  activated,  the  APAC  initiates  a  series 
of  prompts.  The  update  keys  are:  WT  (Weight),  ENG  (Engines),  ALT  (Altitude),  A/S 
(Airspeed),  and  wx  (Weather). 

The  operational  range  keys  are  used  to  supplement  the  data  output  from  flight 
functions.  The  operational  range  keys  are  T-D  (Time-Distance,  e.g.,  time  and  range 
available  for  fuel  burn-off  of  a  specified  number  of  pounds)  and  FUEL  (e.g.,  fuel 
required  for  a  specified  nautical  mile  leg  of  a  flight  segment). 

TAKEOFF 

As  noted  above,  the  APAC  provides  the  following  P-3C  functions:  weight  ?nd 
balance,  takeoff,  climb,  cruise,  loiter,  descent,  a  wind  calculation  and  a 
temperature  calculation.  The  takeoff  and  cruise  function  will  be  described  in  some 
detail.  The  takeoff  function  is  operable  by  depressing  the  takeoff  key  which 
initiates  a  series  of  prompts  for  the  inputs  required  to  compute  NATOPS  takeoff 
parameters.  Turbine  Inlet  Temperatures  (TIT)  of  1010,  1049,  or  1077  degrees  can  be 
specified  during  the  takeoff  function.  After  the  TIT  is  specified,  the  system 
prompts  for  the  following  input  data:  percent  engine  efficiency,  runway  pressure 
altitude,  anti-ice  on  or  off,  zero  fuel  weight,  fuel  on  board,  drag  count,  the 
available  runway  length,  the  bank  angle  allowance,  the  runway  slope,  the  runway 
condition  reading,  runway  temperature,  the  takeoff  runway  number,  the  wind  direction 
and  wind  speed.  The  headwind  and  crosswind  are  then  momentarily  displayed  and  the 
calculator  goes  into  a  standby  mode  for  a  computation  time  of  31  seconds.  A  tone 
sounds  when  calculations  are  complete  and  the  following  information  is  displayed: 
the  shaft  horsepower  at  80  knots,  the  rotation  speed,  the  liftoff  speed,  the  four 
engine  airspeed  at  50  feet,  the  three  engine  airspeed  at  50  feet,  the  refusal  speed. 


the  three  engine  rate  of  climb,  the  distance  to  80  knots,  the  distance  to  refusal 
speed,  the  distance  to  rotation  speed,  the  distance  to  liftoff  speed,  the  decision 
speed,  the  minimum  ground  control  speed,  the  minimum  control  speed  in  air  for  three 
engines,  the  minimum  control  speed  in  air  for  two  engines  and  the  power-on  stall 
speed . 

CRUISE 

The  cruise  function  is  operable  by  depressing  the  CRUS  key  which  initiates  a 
series  of  prompts  for  inputs  required  to  calculate  the  cruise  altitude,  cruise 
airspeed,  shaft  horsepower,  actual  TIT,  fuel  flow,  and  ground  speed.  Optimum  outputs 
are  automatically  calculated  for  altitude  and  airspeed  by  retaining  the  zero  values 
displayed  in  the  input  prompts.  If  altitude  and  airspeed  are  constrained,  all  the 
other  outputs  are  based  on  the  specified  altitude  and  airspeed. 

Outputs  are  computed  for  three  or  fc  engine  cruises,  with  TIT  limits  of  925  or 
1010.  Temperature  deviation  from  standa. 1  day  and  wind  component  factors  are  used  in 
the  computations.  Cruise  distance  and  tii..e  are  estimated,  given  cruise  fuel.  Cruise 
fuel  and  time  are  estimated,  given  cruise  distance.  Cruise  outputs  can  be  updated, 
after  initial  outputs  are  calculated,  by  using  the  update  keys  to  change  weight, 
engines,  altitude,  airspeed,  and/or  weather  inputs.  Additionally,  the  WIND  and  TEMP 
function  keys  can  be  used  to  provide  input  to  the  cruise  function.  The  operational 
range  keys,  T-D  and  FUEL,  can  be  used  during  the  cruise  function.  The  FUEL  key  can 
be  used  to  determine  the  cruise  time  and  fuel  burn  on  the  basis  of  estimated  cruise 
distance.  The  T-D  key  can  be  used  to  determine  cruise  time  and  distance  on  the  basis 
of  estimated  cruise  fuel. 

The  input  prompts  as  they  appear  on  the  calculator  are  as  follows:  the  turbine 
inlet  temperature  (TIT),  the  zero  fuel  weight  (ZFW),  the  fuel  on  board  (FOB),  the 
drag  count  (DRAG),  the  cruise  altitude  (CRUISE. ALT)  select  value  or  retain  zero  for 
computed  optimum,  cruise  indicated  airspeed  (CRUISE. IAS)  select  value  or  retain  zero 
for  computed  optimum,  the  number  of  engines  operating  (ENG. OP),  the  temperature 
deviation  (DELTA  T)  and  the  headwind  or  tailwind  component  (WIND). 

The  word  STANDBY  is  then  displayed  for  approximately  46  seconds  while  the  APAC 
computes  the  outputs.  A  tone  sounds  when  this  is  completed  and  the  following  outputs 
are  displayed:  the  optimum  cruise  altitude  or  the  selected  cruise  altitude 
( CRUISE .ALT) ,  the  optimum  airspeed  or  the  selected  airspeed  ( CRUISE . IAS) ,  the  shaft 
horsepower  (SHP),  the  turbine  inlet  temperature  (TIT),  the  fuel  flow  (F/F)  and  the 
ground  speed  ( GRSPD ) ,  At  this  point  the  prompt  for  the  operational  range  input  can 
be  obtained  by  depressing  the  FUEL  key.  The  computer  prompts  for  cruise  distance 
(DIST)  and  after  being  entered  computes  and  displays  the  outputs  of  cruise  fuel 
(FUEL)  and  cruise  time  (CRUISE. TIME) .  If  the  T-D  key  is  depressed,  prompts  are 
displayed  for  determining  time  and  range  available  for  fuel  burn-off  of  a  specified 
number  of  pounds.  Other  parameters  that  can  be  updated  are  airspeed  (A/S),  altitude 
(ALT),  weight  (WT),  number  of  engines  (ENG)  and  weather  (wind  component  and  the 
temperature  deviation)  (wx). 

PROGRAM  STATUS 

All  of  these  programs  re  in  various  stages  of  development.  The  A-7  FPAS  is 
scheduled  for  introduction  ir  the  fleet  in  July  1986.  The  F/A-18  FPAS  program 
schedule  calls  for  first  use  in  late  1988.  The  s-3  FPAS  is  in  the  early  stages  of 
development  with  a  planned  introduction  into  the  fleet  in  1989.  Use  of  FPAS  by  other 
Navy  aircraft  will  be  dependent  on  extent  of  avionic  updates  which  can  provide  the 
necessary  computational  assets  and  sensor  input  data  necessary  to  support  an  on-board 
Flight  Performance  Advisory  System. 

One  of  the  FOREM  systems,  the  P-3C,  will  have  completed  its  technical  evaluation 
by  June  1986  and  be  ready  for  fleet  wide  use.  The  S-3  FOREM  program  will  at  that 
time  be  starting  its  90  day  technical  evaluation.  FOREM  systems  for  14  other  Navy 
aircraft  are  planned. 

The  P-S  APAC  for  the  P-3A  is  operational  and  the  P-3C  will  be  operational  in 
June  1986.  The  KC-130C  is  expected  to  have  completed  technical  evaluation  by  June 
1986  and  be  ready  for  fleet  use.  Development  of  the  P-S  APAC  for  14  other  Navy 
aircraft  is  continuing  at  various  stages  of  development.  A  total  effort  of  24  P-S 
APACs  is  planned. 
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Abstract 

The  problems  of  design  criteria  and  architecture  of  multiloop  flight  control  systems  are 
discussed  for  a  realized  system  to  achieve  precise  flight  path  guidance,  safe  and 
economic  control  of  the  aerodynamic  flow  (airspeed,  angle  of  attack  and  lift  coefficient 
control)  and  passenger  comfort.  Joint  root  locus  and  quality  criteria  design  will  he' 
presented. 

The  structure  of  the  presented  multiloop  flight  control  system  consists  of  nonlinear 
open  loop  control  for  flight  performance  and  flight  management  purpose,  superposed  quasi 
linear  state  vector  feed  back  and  six  control  surfaces  (aileron,  rudder,  elevator,  trim, 
throttle,  direct  lift/drag  control), 
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1 .  I  ntroducti on 

Flight  control  systems  are  more  or  less  a  conventional  tool  to  improve  the  aircraft 
characteristics  as  well  as  to  provide  a  more  precise  guidance  and  control.  The  range  of 
application  is  extrem  wide.  In  order  to  improve  the  handling  qualities  and  low 
stability  margins  of  uncontrolled  aircraft,  damper  and  stabilizer  are  state  of  the  art. 
F  lutter  control  systems  may  reduce  the  structure  load  of  the  aircraft  structure  and  can 
improve  life  cycle  time.  For  many  applications  in  guidance  and  control  the  improvement 
of  flight  accuracy  for  air  traffic  control  and  3D/4D  navigation  Is  essential.  Weapon 
delivery  requires  excellent  attitude  and  speed  control.  Also  for  safe  and  economic 
flights,  the  control  of  the  aerodynamic  flow  condition  via  airspeed,  angle  of  attack  or 
lift  coefficient  is  of  great  importance.  Additonally,  many  military  and  all  civil 
aircraft  need  control  systems  to  Improve  passenger  comfort  and  the  safety  margin  when 
flying  in  adverse  wheather  conditions  e.g.  turbulence,  wake  vortices,  wind  shear  and 
poor  visibility. 

Design  criteria  for  adequate  flight  control  systems  to  fullfill  the  discussed 
requirements  are  contradi cting  In  general  and  an  acceptable  compromise  has  to  be  found 
/!/. 

These  design  problems  will  be  discussed  for  a  multiloop  flight  control  system  that  can 
achieve  a  precise  flight  path  guidance  and  a  safe  aerodynamic  flow  control.  The 
structure  of  this  flight  control  system  consist  of 

-  nonlinear  open  loop  control  for  flight  performance  and  flight  management  purpose 

-  superposed  linear  state  vector  feed  back  control 

-  six  control  surfaces  (aileron,  rudder,  elevator,  trim,  direct  lift/drag,  throttle) 

The  flight  control  system  as  a  digital  experimental  system,  is  installed  in  a  twin 
engined  propeller  driven  research  aircraft  of  the  Technische  Unlversitat  Braunschweig. 
Up  to  now  the  system  has  been  tested  in  cruise  flight,  approach  and  landing. 


2.  Symbols 

2.1  Control  theory 

2c 

disturbance  vector 

A  1 

>  System  matrix 

2c 

guidance  input  vector 

-  J 

t 

time 

0  observation  period 

2 

0 

variance 
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2.2  Flight  mechanic 

C*  handling  quality  criterion  v  airspeed 


c 

derevativ 

VK 

ground  speed 

F 

Thrust 

VW 

wind  speed 

9 

earth  acceleration 

H 

altitude 

a 

angle  of  attack 

A 

rate  of  climb 

Y 

flight  path  angle 

H 

vertical  acceleration 

<t> 

roll  ' 

n 

load  factor 

0 

pitch 

>  attitude  angle  (Euler) 

m 

aircraft  mass 

<1- 

yaw 

S 

wing  area 

n 

elevator  displacement 

q 

pitch  rate 

6f 

flap  displacement 

qp 

dynamic  pressure 

P 

air  density 

“  ] 

, 

W  ; 

>  orthogonal  speed  component 

2.3  Indices 

c 

Command 

0 

open  loop 

d 

disturbance 

w 

actuator  open  loop  command 

D 

drag 

a 

angle  of  attack 

L 

Lift 

3 . Control  system  structure 

Design  criteria  and  control  system  structures  are  difficult  to  be  presented  in  general, 
as  they  vary  due  to  the  application.  In  this  paper  we  will  concentrate  the  discussion 
on  the  precise  control  of  the  flight  path  and  the  safe  control  of  the  aerodyamic  flow 
condition.  Flight  path  and  flow  condition  can  vary  over  a  wide  range  in  short  time 
peri ods . 

The  basic  command  inputs  in  the  flight  control  system  are  flight  path  and  airspeed.  The 
pilot  or  an  outer  loop  air  traffic  control  system  may  vary  this  command  inputs. 

To  achieve  a  proper  response  of  the  controlled  aircraft  six  control  surfaces  (actuators) 
are  applied,  as  there  are  aileron,  rudder,  elevator,  elevator  trim,  throttle,  and  direct 
lift  device  (fast  landing  flap  control).  For  optimum  control,  all  relevant  control 
information  has  to  be  fed  to  all  relevant  actuators.  Therefore  the  adequate  control 
system  for  this  task  is  a  strongly  cross-coupled  multi-loop  control  system. 

For  the  mathematical  presentation  of  general  cros s -coupl ed  higher  order  multiloop 
systems  the  state  space  may  be  adequate.  In  this  space  presentation  all  state  element 
have  equal  status.  It  is  typical  for  the  aircraft  dynamic  response  that  some  state 
element  have  different  status.  Generally  speaking  the  aircraft  dynamic  response  can  he 
presented  as  a  cascade  system.  Each  loop  of  this  cascade  system  has  a  different  and 
specific  response  charakteri Stic .  The  different  loops  can  be  character) sed  by  their 
frequency  domains.  Beginning  with  the  highest  frequency  domain  as  the  inner  cascade 
loop,  four  different  loop  can  be  Identified. 

1.  Structural  dynamic 

In  the  relativ  high  frequency  dynamic  response  of  the  elastic  aircraft  flutter  control, 
structural  strength  reduction  and  partly  loadfactor  control  as  well  as  gust  alleviation 
are  typical  applications. 

2.  Rotational  dynamic 

In  the  frequency  range  of  the  short  period  mode,  dutch  roll  and  roll  mode  the  handling 
qualities  are  of  great  importance.  In  this  frequency  regime  an  enormous  knowledge 
exists  to  specify  and  design  special  control  systems,  as  there  are  damper,  stabilizer, 
gust  alleviation,  direct  lift  control. 
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3.  Energy  dynamic 

In  the  frequency  regime  of  the  phugold  and  spiral  mode,  energy  transfer  Is  Important. 
Throttle  control,  speed  control  and  wind  shear  suspresslon  are  typical  applications  In 
this  area.  Additionally  some  cross  coupling  effects  between  lateral  and  lonqltudlnal 
motion,  e.g.  turn  flight,  are  of  Interest  as  well  as  some  effects  of  direct  drag  and 
lift  control . 

4.  Flight  path  management 

In  the  extrem  low  frequency  regime,  flight  management,  3D  and  40  navigation  and  partly 
air  traffic  control  dominate  this  outer  cascade  loop. 

In  the  past,  most  of  the  applied  flight  control  systems  are  specified  and  designed  for 
relatlvly  small  cascade  element  (e.g.  damper  for  cascade  Nr.  Z  and  autothrottle  control 
for  cascade  Nr.  3)  as  single  loop  control  systems.  As  the  Interaction  between  the 
cascades  can  not  be  neglected,  the  control  efficiency  of  such  sinqle  loop  control  can  be 
improved  significantly  In  applying  a  multi-loop  control  structure.  For  example,  the 
poor  control  dynamics  of  conventional  flight  control  system  for  transport  category 
aircraft  In  the  energy  cascade  loop  require  a  long  stabilized  flight  profile  for 

approach  and  landing  / 2 / .  Already  small  energy  disturbances  e.g.  moderatly  curved 
flight  path  or  wind  shear  can  effect  such  type  of  control  systems  very  much. 

The  well  known  modern  control  theory  / 3 /  based  on  a  state  space  presentation  of  the 

aircraft  may  overcome  some  of  the  discussed  problems.  The  general  problem  In 
application  of  the  modern  control  theory  Is  the  cascade  behaviour  of  the  aircraft 
dynamic,  where  each  cascade  loop  askes  for  Its  specific  design  procedure.  The 

application  of  different  design  procedures  In  one  control  systems  shall  be  discussed  In 
chapter  5  more  In  detail. 

The  knowledge  concerning  the  aircraft  response  fs  In  general  excellent.  The  relevant 
discipline  is  known  as  flight  mechanics.  But  only  a  small  part  of  this  knowledge  Is 
Implemented  In  flight  control  systems.  This  lack  of  Information  may  cause  problems  In 
dynamic  response  quality  and  precision. 

Most  flight  control  systems  use  only  Information  to  adapt  varllnq  parameters  as  dynamic 
pressure  or  Mach  number. 

The  theoretical  approach  to  Incorporate  flight  mechanical  knowledge  in  the  flight 
control  system  Is  simple  In  principle.  He  assume  that  the  characteristics  of  total 
cascade  can  be  described  in  state  space 

x  •  ft  £  +  B.  £  .  ( 

If,  for  specific  manoeuvres,  the  state  vector  xc  Is  specified,  the  required  optimal 
control  deflection  uc  can  be  calculated  In  prlnzlple. 

uc  *  ( »c  -  h  *)  r1 .  (Z) 

This  Ideal  equation  cannot  be  solved  In  general.  The  phenomen  Is  known  as  the  Inversion 
of  the  transfer  function  of  time  delayed  systems. 

Most  flight  control  applications  eq.(2)  can  be  simplified  in  a  way,  that  a  math»matical 
solution  Is  possible. 

If  we  observe  the  Information  flow  in  the  cascade  loops,  we  find  that  primary  the 
Information  will  flow  from  the  outer  loop  to  the  Inner  loop.  Therefore  the  dynamic 
presentation  of  the  outer  loop  is  more  Important  for  the  knowledge  Implementation.  As 
the  outer  loop  responds  much  slower  than  the  Inner  loops,  a  quas 1  stationary 
approximation  of  eq.(2)  may  solve  the  problem.  Because  the  equation  of  aircraft  motion 
Is  non  linear  the  approximation  of  eq . ( 2 )  has  to  be  non  linear. 

With  such  an  quasistatf onary  non  linear  open  loop  control  the  closed  loop  design  Is 
easier.  The  required  feed  back  gains  are  small  compared  with  control  systems  without  an 
adequate  open  loop  control.  For  example,  the  alevlation  of  gust  and  windshear  can  be  a 
part  of  the  open  loop  control. 

The  less  the  presentation  of  the  aircraft  dynamic  In  the  open  loop,  the  greater  are  the 
required  feed  back  gains  to  fullflll  the  task.  An  example  for  such  an  open  loop  control 
system  is  given  in  chapter  4. 


4.  Non  linear  open  loop  control 

A  more  detailed  discussion  of  the  loop  control 

The  cross -coupl 1 ng  effects  between  lateral  and 
small  for  conventional  transport  aircraft. 
Influences  the  load  factor 

H 

9 


shall  demonstrate  some  practical  aspects. 

longitudinal  aircraft  motion  are  relative 
Primary  the  coordinated  turn  flight 


n  ■ 


+  cosy 


1 

cos* 


(3) 
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and  body  fixed  rate  sensors  produce  coupled  output  signals.  For  example  In  the  output 
of  a  pitch  rate  sensor 

qs  «  ©cos#  ♦  ♦sin*  cos8  .  M) 

To  simplify  the  discussion,  only  the  longitudinal  aircraft  motion  shall  be  pointed  out 
more  1 n  detal 1 . 

There  exist  two  major  tasks  of  the  open  loop  control  (see  fig.  1  and  fig.  2) 

-  Calculation  of  the  commanded  state  vector  element  jtr 

-  Calculation  of  the  open  loop  control  surface  displacement  u0 

A  typical  set  of  state  vector  elements  of  a  flight  control  system  may  be 

q  pitch  rate 

0  pitch  attitude 

a  angle  of  attack 

H  altitude 

H  vertical  speed 

ii  vertical  accel  1  era 1 1  on 

Vk  horizontal  accel 1  era tl on 


To  achieve  a  precise  control  with  adequate  dynamic  behaviour,  each  state  vector  element 
should  be  compared  with  a  commanded  state  vector  element. 

The  commanded  state  vector  xc  has  to  be  calculated  as  a  function  of 

the  gui dance  input  vector  Gc 

Hc  flight  path  command 

Vc  airspeed  command 

and  the  disturbance  vector  Dc 

1  roll  angle 

fif  wing  flap  deviation 

p  air  density 

w  ai rcraf t  wei gh t 

Vk  wind  and  turbulence  velocity 


The  function  between  xc.  §c  end  0C  is  part  of  the  flight  performance  calculation.  In 
general  the  complete  set  of  the  aircraft  motion  equation  (see  appendix)  is  necessary  to 
realize  the  performance  calculations.  A  simple  example  shall  demonstrate  this  In  a 
procedure  that  Is  well  known  In  the  flight  mechanics  community. 

The  required  lift  l  is  in  equilibrium  with  the  weight  W  of  the  aircraft  and  the  load 
factor  n 

L  ■  n  W  . 


The  lift  is  a  function  of  dynamic 

q  -  — 2 


P 

7 


wing  area  S  and  lift  coefficient 
L  •  |  V2  S  CL  . 


pressure 

Cl 


(6) 

(7) 


The  lift  coefficient  Itself  Is  primary  a  function  of  angle  af  attack  a  and  flap 
deflection  angle  <5f 

CL  '  CloW  *  CU“  •  (8) 

The  combination  of  equation  (5)  to  (8)  gives  the  element  ac  of  the  commanded  state 
vector  x^c 

flc  *  2Vc  [VCSCla  +  CLo^La'1]'1-  (9) 

The  commanded  airspeed  Vc  Is  an  element  of  the  guidance  vector.  The  weight  W ^  is  an 
element  of  the  disturbance  vector.  The  load  factor  nc  has  additionally  to  be  calculated 
in  relation  to  eq .  ( 3  ) . 


An  example  for  the  open  loop 
the  aircraft  (see  appendix). 


F 


c 


throttle  control  may  be  derived  from  the 
The  required  thrust  Is: 

Uu  V  1 

n  —  cosy  -  (1  ♦  n  —  )s1ny  +  — 

V  V 


"drag  equation"  of 
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(10) 
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The  drag  lift  to  drag  ratio  Is  a  function  of  the  anqle  of  attack,  flap  position  and  Mach 
number .  The  load  factor  n  Is  In  relation  to  eq.(3)  a  function  of  vertical  ac ce 1 1 e r a 1 1  on 
H ,  roll  angle  t  and  flight  path  angle  r  .  The  effect  of  vertical  wind  wyg 
(e.g.  downburst)  is  as  well  Impltmented  as  horizontal  wind  uw„  Horizontal  wind 

Influences  the  required  thrust  only  In  climb  or  descend  condition's.  The  effect  of 

required  thrust  in  a  wlndshear  situation  shall  be  discussed  more  in  detail.  In 
wlndshear  the  airspeed  V  of  an  aircraft  shall  be  constant  (V  *  0)  for  safety  reasons. 
As  the  ground  speed  V*  Is  a  superposition  of  wlndspeed  V#  and  airspeed 


h  -  i  +  . 


(id 


The  time  derevation  Is 


h  -  *  ♦  • 


With  V  *  0  the  requirement  exists,  that  VK  =  u  .  This  means,  that  in  a  wlndshear 
situation  the  aircraft  has  to  be  accelerated  or  decelerated  in  the  same  way  as  the  wind 
Itself.  We  Introduce  this  effect  Into  eq.(10).  For  small  flight  path  angle  f  we  get 


-  n-*a 


(1 


n  — a)y 
V 


(10a) 


These  equations  are  the  basis  for  a  precise  and  effective  open  loop  control. 

With  the  todays  computer  power  in  digital  flight  control  systems  these  coupled  non 

linear  equations  can  be  calculated  in  real  time  without  any  significant  problems. 

The  modern  control  theory  / 3 /  gives  precise  answers  concerning  the  optimal  structure  of 
linear  feed  back:  All  state  vector  elements  x  have  to  feed  back  to  all  actuators.  The 

practical  problem  is  to  define  the  six  elements  of  the  state  vector  and  to  measure  the 

state  variables.  These  very  interesting  problems  can  only  be  mentioned  without  qoinq 
into  details. 


The  state  vector  size  depend  on  how  many  cascade  loops  are  necessary  to  present  the 
aircraft  characteri sties .  In  most  cases  the  actuator  dynamics  must  he  added  yet.  In 
contrast  to  this  the  sensor  dynamic  may  be  neglected. 

The  aircraft  measurement  technics  /4/  are  well  developed  so  that  most  state  vector 
elements  can  be  measured  directly.  On  the  other  hand  the  modern  control  theory  provides 
powerfull  methods  to  observe  unknown  state  vector  elements.  The  design  of  observers  /5/ 
for  flight  control  systems  Is  a  very  Interesting  task.  The  designer  has  to  find  a 
compromise  between  expensive  sensors  and  moderate  system  knowledge. 

Figure  1  shows  a  block  diagramm  of  all  essential  control  loop  elements. 


5.  Design  criteria  and  procedure 

For  a  given  control  system  structure  the  control  parameters  have  to  be  calculated.  To 
design  a  non  linear  open  loop  control  Is  relatlvly  simple.  The  set  of  nonlinear 
equations  can  be  solved  for  example  with  a  numerical  minimum  variance  methods  /6/. 

In  contrast  to  the  open  loop  control,  the  closed  loop  control  design  can  In  theory  be 
very  complicate.  The  todays  design  procedure  for  complex  flight  control  systems  is  more 
art  then  an  application  of  a  proper  theory.  I  shall  Illustrate  this  private  statement 
more  In  detail. 

The  design  criteria  in  the  'rotational  dynamic  cascade'  are  well  formulated  in  the 
handling  qualities  criteria  of  aircraft.  An  excellent  example  of  handling  qualities 
requirements  Is  the  well  known  military  specification  MU  8785  / 7 / .  Most  of  the 
handling  quality  criteria  can  be  expressed  as  eigenvalues  and  eigenvectors  of  the 
relevant  modes  (short  period,  dutch  roll,  roll  mode).  The  MIL  87:15  gives  clear  rules, 
where  the  eigenvalues  (roots)  have  to  be  placed. 

In  contrast  to  the  adequate  root  method  of  the  rotational  dynamic  cascade  the  design  of 
the  energy  dynamic  cascade  and  parts  of  the  flight  management  cascade  can  be  formulated 
only  unsufficiently  by  eigenvalues.  Problems  of  speed  and  flight  path  deviation  as  well 
as  of  throttle  activity  may  be  formulated  by  variances  of  deviations.  For  example  the 
difference  between  the  commanded  airspeed  and  the  measured  airspeed  is  a  clear  and 
simple  measurement  for  speed  control  accuracy.  The  variance  of  the  speed  derivation  is 
AV  •  Vc  -  V 

t+D 

<4  ■  i  /  AV*  dt  (12) 
t 


Is  easy  to  calculate.  Throttle  activity  Is  an  Important  human  factor  In  flight  control 
design  and  acceptance.  A  high  throttle  activity  bothers  both  pilot  and  passengers  / 1  / . 
S  ome  additional  research  Is  required  to  formulate  an  adequate  mathematical  equation  to 
describe  throttle  activity.  A  sufficient  measurement  Is  thrust  rate  t 


< 


UO 

4  -  J  /  FJdt  .  (13) 

t 

Passengers  or  pilots  comfort  Is  an  additional  important  human  factor,  both  in  civil  and 
military  aviation.  In  general  ft  Is  difficult  to  find  an  acceptable  mathematical 
formulation  for  human  factors.  The  well  known  C  -  Criteria  / 8 /  for  short  periods 
response  design  represents  passenger  comfort  quite  well. 


°C* 
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♦  (v)J 
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J  C*’  dt 
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(15) 


As  difficult  as  the  correct  mathematical  formulation  of  the  relevant  effects  In  the 
energy  dynamics  cascade  Is  the  weighting  of  these  effects.  The  simple  question  what  is 
more  undesirable:  a  speed  deviation  of  1  knot  or  a  flight  oath  deviation  of  10  ft  is 
very  difficult  to  answer.  Due  to  the  flight  envelope  different  weighting  are 
worthwhile.  A  practical  approach  Is  the  equal  weighting  of  the  relevant 
energy-devi a  1 1 ons 


-  kinetic  energy  '  V  ■  V 

-  potential  energy  AH 

This  energy  weighting  produce  acceptable  flight  test  results  /“>/. 

More  difficult  Is  weighting  the  precision  (  H,  V)  on  one  hand  and  the  human  factors 
(throttle  activity,  passenger  comfort)  on  the  other  hand.  Many  experience  in 
calculation,  simulation,  flight  test  and  operation  are  necessary  to  fix  the  weighting 
f ac  tors . 


When  the  weighting  factors  K  have  been  fixed,  variance  of  the  control  qualtiy  0 

Q  *  /AxKxAxTdt  +  /Auku&uTdt  (16) 

can  be  minimized  with  different  powerfull  procedures. 

Recording  many  application,  a  fixed  set  of  weighting  factors  is  not  adequate  for  the 
total  flight  regime.  Each  area  of  the  flight  envelope  requires  its  specific  weighting 
matrix.  The  superposed  calculation  of  different  flight  regimes  and  a  joint  minimisation 
of  the  quality  criteria  can  give  sufflcent  results.  Todays  powerfull  computer  are  thp 
necessary  tool  for  this  job. 


As  problemized  earlier,  complete  flight  control  system  requires  different  design 
procedures,  root  methods  for  the  inner  cascades  and  minimum  cost  methods  for  the  outer 
cascades.  No  theory  exists  to  solve  both  problems  at  the  same  time.  If  we  use  the 
different  characterl stl cs  of  the  cascade  we  will  find,  that  the  control  parameters  of 
the  Inner  loops  affects  strongly  the  dynamic  characteristic'  of  the  outer  loop  but  not 
vice  versa.  The  control  parameter  senslvity  move  in  the  opposite  way  compared  to  the 
control  Information.  Based  on  this  axiom,  we  design  complex  multiloop  control  systems 
step  by  step. 


The  first  step  is  the  design  of  the  inner  loop  (flutter  suspression,  damper,  stabilizer) 
with  root  methods  based  on  aircraft  handling  quality  specifications.  In  a  second  step 
the  outer  loop  control  parameters  are  calculated  by  cost  function  minimization,  where 
the  Inner  loop  control  parameters  are  fixed.  In  most  applications  two  or  three 
iterative  circles  Including  flight  test  are  sufficient. 


6 .  Flight  Test  results 

The  results  of  the  discussed  design  procedure  for  complex  multiloop  flight  control 
systems  shall  be  demonstrated  for  a  realized  flight  control  system  for  scientific 
applications.  This  flight  control  system  has  been  developed  in  the  Instltut  for 
Guidance  and  Control,  Technical  University  Braunschweig  /10/.  The  des.gn  tarqed  was  an 
extrem  precise  flight  control  system  for  flying  nap-on-the-earth  profiles  to  measure 
wind,  wlndshea  and  turbulence  on  board  of  the  aircraft. 

The  test  aircraft  Is  an  Institute  owned,  twin  engine  propeller  aircraft  (fig.  3).  The 
aircraft  Is  fully  equlped  with  sensors,  digital  and  analog  computer  and  actuators  for 
elevator,  aileron,  rudder,  horizontal  fin  trim,  throttle  and  direct  lift  (fig.  4).  In 
the  presented  version  of  the  flight  control  system,  the  aerodynamic  flow  condition  was 
measured  via  the  angle  of  attack.  The  task  of  air  data  computing,  flight  augmentation 
and  thrust  control  will  be  done  In  one  central  computer  (Typ  Worden,  DEC  PDP11 
compatible).  The  sample  rate  Is  ?3  cycles  per  second. 

Figure  5  demonstrates  the  high  accuracy  of  the  flight  control  system  in  smooth  air.  in 
a  9  minutes  flight  period,  the  maximum  altitude  deviation  was  less  then  1  m.  The 
altitude  deviation  Is  In  the  range  of  the  resolution  of  the  barometric  altimeter. 
Figure  6  shows  the  aircraft  response  In  altitude,  alrspnpd  and  thrust  at  the  begin  of  a 
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turn  flight  In  moderate  turbulence.  In  figure  7  the  aircraft  energy  situations  were 
heavily  disturbed  by  setting  the  landing  flans.  An  a  1 1 i tude - acqu  i  re  manouevre  shows 
fig.  8  for  strong  turbulence.  An  automatic  landing  is  demonstrated  in  fig.  9.  Typical 
for  this  test  aircraft  is  the  gust  sensitivity  of  the  uncontrolled  aircraft  due  to  the 
low  wing  load  and  on  the  other  hand  its  high  pitch  angle  variation  due  to  tail-wheel 
1 andi ng  gear. 

An  older  version  (with  a  simple  open  loop  control)  is  shown  i  >■  fig.  10  in  an  curved 
MLS-approach  / 1 1 /  passing  a  moderate  wind  shear. 
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A1  Aircraft  equation  of  motion  (translational)  (simplified) 
■V^-F-D+l  sin  -  W  siny 
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sina  ■  — "  cosy  -  —  siny 
V  V 

A3  Thrust  equation  (superposition  of  eq  (Al),  eq  (A2),  eq  (A4)) 
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fig.  4  Equipment  of  the  DO-28  research  aircraft 
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fig.  5  Altitude  and  speed  hold  (calm  air) 
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fig.  6  Altitude  and  speed  hold  in  turn  flight  (moderate  V  • 
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SOME  EXPERIENCES  IN  INTEGRATING  AVIONIC  SYSTEMS  ON  THE  CIVIL  PLIGHT  DECK 
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SUMMARY  j>  .  <■  <  , 

The  Paper '^describes  some  of  the  work  carried  out  in  the  Civil  Avionics  Research 
programme  at  RAE  Bedford.  After  describing  some  of  the  factors  that  are  leading  to  a 
future  Air  Traffic  Management  system,  the  Paper  reviews  the  activities  In  navigation, 
flight  management,  displays  and  novel  human  Input  techniques.  The  progress  made  and  some 
of  the  lessons  learned  are  also  described.  The  ^Phper  concludes  with  a  view  of  how  a 
future  Air  Traffic  Management  system  might  operate. 


1  INTRODUCTION 

The  Civil  Avionics  Section  of  Operational  Systems  Division  at  RAE  Bedford  carries 
out  a  programme  of  research  on  behalf  of  the  UK  Department  of  Trade  and  Industry.  The  aim 
of  the  research,  which  enjoys  the  support  and  cooperation  of  Industry,  Is  to  enhance  the 
technological  base  of  the  UK  avionics  Industry,  particularly  those  firms  seeking  to 
operate  In  the  civil  market.  Almost  all  the  products  and  concepts  which  arise  are 
subjected  to  flight  testing  in  the  section's  BAC  1-11  flying  laboratory  aircraft.  Without 
such  realistic  final  proving  there  is  often  little  hope  of  convincing  hard-headed 
operators  that  the  Ideas  will  work. 

Inevitably  there  has  to  be  considerable  emphasis  on  Improving  the  efficiency  of 
airline  operation  because  airlines  and  their  customers  are  very  cost  conscious  and  have 
aircraft  and  equipment  purchasing  policies  that  reflect  this.  These  policies  have  led  to 
the  procurement  of  dramatically  improved  airframes  and  engines  and  also  a  great 
proliferation  of  electronic  aids  on  the  flight  deck.  This  trend  towards  greater 
complexity  will  continue  and.  In  our  view,  the  sophistication  of  the  ATC  environment  will 
also  increase;  It  is  this  trend  that  makes  necessary  the  research  to  exploit  these  growing 
capabilities  and  to  make  them  manageable  and  useful. 

2  ECONOMIC  PRESSURES  ON  AIRLINES 

The  last  25  years  has  seen  major  changes  In  the  patterns  of  civil  aviation.  The 
best  known  and  moat  widely  publicised  Influence  for  change  has  been  the  rapid  Increase 
In  the  price  of  crude  oil  and  the  aviation  fuel  derived  from  It.  Pig  1  shows  the  oil  and 
aviation  fuel  price  movements  since  I960,  the  recent  downturn  In  fuel  prices  can  probably 
at  best  be  regarded  as  a  temporary  reprieve  from  the  upward  movement  In  basic  energy 
costs.  Over  the  same  period  the  cost  of  aircraft  and  their  equipment  has  risen  steeply  as 
manufacturers  have  sought  to  reduce  fuel  burn  per  passenger  seat/mile  and  yet  despite  this 
the  real  cost  of  air  travel  has  fallen  as  the  example  of  the  cost  of  a  N  Atlantic  crossing 
shows . 

The  contribution  of  avionics  to  aircraft  operating  economy  began  In  the  1970s  with 
the  Introduction  of  area  navigation  (RNAV)  systems  originally  Intended  to  provide  a 
navigation  capability  that  would  allow  direct  routings  and  thus  break  the  dependence  on 
fixed  air  routes  based  on  the  location  of  ground  navigation  aids.  It  Is  perhaps  Ironic 
that  only  now.  In  the  1980s,  are  direct  routings  becoming  acceptable  to  ATC  authorities 
and  that  the  savings  associated  with  RNAV  systems  have  Instead  been  realised  by  virtue  of 
precise  navigation  and  flight  control  along  airways.  Examples  of  the  possible 
Improvements  that  can  be  made  can  be  seen  by  contrasting  observed  airway  performance 

(Pig  2)  with  our  own  flight  results  based  on  DME/DME  navigation  (Pig  3);  this  contribution 

alone  reduces  track  miles  by  0.5-1. OS.  Correot  turn  anticipation,  rather  than  turning 
after  the  beacon  overhead  position  can  save  a  further  1-3$  of  track  miles  depending  on 
route  structure. 

Also  started  In  the  1970a  was  the  adoption  of  Performance  Management  Systems  to 
provide  guidance  to  the  pilot  or  autopilot  for  optimum  climb,  cruise  and  descent 
strategies.  Some  users  nave  attributed  fuel  savings  of  3$  to  such  systems.  Recently  even 
more  sophistication  and  precise  oontrol  has  come  to  the  flight  deck  with  the  widespread 
adoption  of  Plight  Management  Systems  In  the  1980s. 

The  potential  savings  are  so  large  In  cash  terms  that  It  has  been  estimated  that  at 

least  70$  of  major  civil  transport  alroraft  will  have  either  RNAV  or  PMS  fitted  by  1990 

and  over  80$  will  be  so  fitted  by  the  year  20001 . 

You  can  easily  Imagine  the  frustration  of  airlines  as  they  find  that,  despite  the 
sophisticated  computation  available  on  the  flight  deck  and  the  CRT  based  Instrument 
display  systems  that  so  vividly  portray  the  enforced  departures  from  the  planned  route. 
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significant  further  savings  are  being  denied  them  because  the  ATC  system  cannot  provide 
the  routings,  flight  levels  and  optimum  climb  and  descent  profiles  that  they  would  like. 

It  has  been  calculated  that  In  Europe  a  further  5— 10JC  of  route  miles  could  be  saved  If 
true  direct  routing  was  possible1  and  Attwooll  and  Benoit3  have  calculated  that  at  one 
busy  UK  airport  10  tonnes  of  fuel  per  hour  in  the  peak  period  could  be  saved  by  ideal, 
non  Interrupted  descent  paths  and  yet  current  airline  experience  suggests  that  only  20%  of 
descents  into  that  airport  are  uninterrupted. 

This  emphasis  on  economic  operation  has  made  life  very  different  for  the  pilot;  he 
is  now  concerned  with  the  minimising  of  fuel  burn  by  feeding  and  obeying  his  flight 
computers  in  addition  to  his  other  tasks,  thus  the  mental  workload  has  increased.  The 
contribution  to  reduced  pilot  workload  and  increased  situation  awareness  provided  by  the 
Electronic  Plight  Instrument  Systems  (EPIS)  on  modern  aircraft  has  largely  offset  this  and 
the  importance  of  this  technique  cannot  be  over  emphasised,  but  the  ergonomics  of  the 
Control  and  Display  Units  used  to  communicate  with  the  FMS  and  other  systems  are  still 
appalling.  As  the  complexity  of  the  future  ATM  system  increases,  including  the  use  of 
four-dimensional  trajectories,  the  pilot-machine  interface  will  become  more  complex  and 
more  critical  if  the  man  is  to  remain  in  effective  control  of  his  systems,  rather  than  the 
other  way  round. 

3  SOME  ATC  PROBLEMS 

The  most  important  function  of  ATC  is  to  ensure  safe,  orderly  and  expeditious  flow 
of  air  traffic.  The  keyword  'safety'  naturally  makes  ATC  authorities  conservative 
organisations,  this  conservatism  being  further  reinforced  because  they  must  work  within 
international  rules.  The  system  that  we  see  now  has  evolved  over  many  years  from 
basically  procedural  forms  of  control  (which  are  well  suited  to  low  traffic  density,  low 
workload  environments)  to  the  modern  high  traffic  density,  high  workload  tactical  radar 
control  experienced  near  major  airports  and  airway  junctions.  The  system  is  based  on  the 
human  Judgement  exercised  by  Air  Traffic  Controllers  who,  with  experience,  actually 
achieve  astonishingly  good  performance.  The  methods  of  control,  especially  in  busy 
periods,  involve  accurate  mental  estimation  of  positions  and  velocities  and  are  very 
communication  intensive,  the  communication  being  by  voice  over  RT  or  telephone  links.  As 
traffic  flows  increase  any  one  controller  will  reach  a  limit  which  can  be  loosely 
described  as  a  'headful •  of  information  beyond  which  he  cannot  picture  and  control  the 
situation.  The  classic  response  to  this  problem  is  to  reduce  the  volume  of  airspace  that 
he  controls,  and  this  remedy  is  effective  until  the  overhead  of  communicating  with 
adjacent  sectors  begins  to  dominate  his  workload.  Major  airports  and  intersections  have 
probably  reached  this  point  and  yet  all  traffic  forecasts  predict  significant  traffic 
increases  in  the  years  ahead;  for  example,  in  Europe  up  to  50*, increase  by  the  year  2000, 
and  for  some  types  of  traffic  in  the  USA  even  more  than  this1*2.  Clearly  this  will 
present  a  major  problem. 

It  la  fortunate  that  improving  technology,  both  in  the  air  and  on  the  ground, 
offers  at  least  partial  solutions  to  this  problem. 

Some  simple  guidelines  that  could  govern  the  transition  to  future  solutions  are: 

(a)  Safety  must  at  least  be  preserved  at  each  step. 

(b)  Each  step  must  be  an  evolutionary  one  and  offer  compatibility  with  previous 
solutions  and,  ideally,  be  capable  of  Justification  on  cost  benefit  grounds  at  each 
stage. 

(c)  The  system  must  be  able  to  cope  with  a  wide  range  of  demands  and  with  unexpected 
perturbations . 

(d)  For  the  foreseeable  future  men  will  remain  in  the  loop  both  in  the  air  and  on  the 
ground . 

(e)  Greater  capacity  will  be  achieved  through  greater  precision  in  the  knowledge  of 
aircraft  current  and  future  positions.  The  exploitation  of  this  precision  will  in 
turn  demand  computer  based  systems,  both  in  the  air  and  on  the  ground,  for 
prediction  and  execution  of  trajectories  that  will  be  specified  in  three  and  four 
dimensions.  These  trajectories  will  be  based  largely  on  continuous  desoents  that 
are  close  to  fuel  optimal. 

(f)  This  implies  a  shift  to  more  strategic  rather  than  tactloal  forms  of  control,  and 
the  necessary  numerical  specification  of  trajectories  will  require  a  data  link  to 
support  the  resulting  air-ground  exchange  of  information.  The  exchange  of  data 
will  almost  eertalnly  provide  the  means  for  Improved  short  term  weather  forecasts 
needed  for  economical  four-dimensional  control. 

These  predicted  changes,  leading  towards  a  full  Air  Traffic  Management  (ATM)  scen¬ 
ario,  pose  considerable  demands  on  research  and  development;  amongst  these  are  how  to 
specify  and  achieve  the  neoeasary  man-machine  Interfaces  (both  air  and  ground)  that  allow 
this  Information  to  be  understood,  agreed  and  monitored  by  pilots  and  air  trafflo 
controllers . 

It  Is  against  this  vision  of  the  future  that  our  programsM  should  be  viewed, 
seeking  to  provide  the  technical  building  blocks  which  will  eventually  be  assembled  into  a 
future  system. 
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4  RESEARCH  PROGRAMME 

The  Civil  Avionics  research  programme  is  100*  funded  by  the  Department  of  Trade  and 
Industry,  and  on  a  short-term  basis  provides  a  flight  test,  development  and  demonstration 
facility  for  UK  Avionics  manufacturers,  enabling  them  either  to  Install  and  operate 
equipment  on  a  stand-alone  basis,  or  to  Integrate  their  equipment  fully  with  other  systems 
already  operating  In  the  8AC  1-11  aircraft.  On  a  longer  term  basis,  a  major  aim  of  the 
programme  is  to  Investigate  the  role  and  Integration  of  avionic  systems  for  the  more 
demanding  air  traffic  environment  of  the  future.  Our  programme  Is  therefore  concerned 
with  developing  and  demonstrating  a  total  aircraft  system  that  will  be  compatible  with 
future  ATC  systems.  These  will  need  to  cope  with  the  expected  large  Increases  In  traffic 
demand  and  provide  more  economic  aircraft  operation  In  terms  of  fuel  savings  and  reduced 
delays,  while  at  the  same  time  Improving,  or  at  least  maintaining  current  levels  of 
safety.  Although  the  emphasis  of  our  research  Is  on  systems  Integration,  It  Is  convenient 
for  descriptive  purposes  to  break  down  the  programme  Into  a  number  of  main  topics  which 
are  detailed  below. 

4.1  Navigation 

The  navigational  aspect  of  our  programme  Is  concerned  with  how  accurately  aircraft 
can  position-fix  and  fly  a  defined  two-dimensional  route.  The  work  has  Included  an 
assessment  of  the  accuracy  and  characteristics  of  currently  available  ground  navigation 
aids',  and  also  extensive  measurements  of  automatic  navigation  performance  when  using 
various  combinations  of  radio  aids  augmented  by  on-board  sensors  .  These  measurements 
confirmed  the  high  level  of  accuracy  provided  by  DME/DME  position  fixing,  (of  the  order  of 
0.25  n  mile  1  sd),  which  Is  now  used  by  most  area  navigation  systems  when  operating  In 
areas  of  good  DME  coverage.  Our  navigation  work  Is  now  concentrating  on  methods  of 
Improving  the  accuracy  achievable  In  regions  less  well-equipped  with  ground  aids. 

4.2  Plight  Management 

The  essential  feature  of  a  Plight  Management  System  (PMS)  Is  to  combine  the 
requirements  of  lateral,  vertical,  speed  and  time  demands.  In  order  to  obtain  an  optimum 
overall  result  In  terms  of  aircraft  operating  efficiency,  within  the  constraints  Imposed 
by  Air  Traffic  Control.  The  lateral  requirement  la  to  track  automatically  along  airways 
and  to  follow  defined  Standard  Instrument  Departure  (SID)  and  Standard  Arrival  Routes 
(STAR)  In  the  terminal  area.  Vertical  control  facilities  should  enable  the  pilot  to 
define  and  achieve  any  required  climb  and  descent  profiles.  Speed  control  needs  to  take 
account  of  the  vertical  profile  requirements  In  order  to  maintain  optimum  speed  accurately 
and  with  minimum  throttle  activity. 

Time  control  within  current  ATC  systems  generally  Involves  path  stretching 
manoeuvres  within  defined  holding  areas  In  order  to  absorb  unavoidable  delays.  A  number 
of  flexible  path  stretching  methods  have  been  Investigated  and  developed  allowing  any 
specified  delay  to  be  achieved  accurately  within  the  airspace  presently  allocated  Tor  such 
manoeuvres.  More  fuel  efficient  methods  of  meeting  time  constraints  are  under 
development.  Involving  strategic  speed  control  (often  referred  to  as  four-dlmenslonal 
control  or  time-slot  following),  and  most  of  our  research  effort  In  the  flight  management 
area  Is  being  concentrated  on  this  aspect6. 

4.3  Man-machine  Interfacing 

4.3.1  Displays 

As  civil  aircraft  become  fitted  with  more  comprehensive  facilities  In  terms  of 
route  navigation,  vertical,  speed  and  time  control,  It  Is  essential  to  provide  sufficient 
Information  In  the  cockpit  to  enable  the  flight  crew  to  monitor  and  control  these 
automatic  systems  adequately.  Displays  research  Is  aimed  at  providing  a  fully  Integrated 
presentation  of  Primary  Plight  and  aircraft  systems  data.  Including  mode  indications  and 
failure  warnings.  In  such  a  way  that  Information  Is  always  available  when  needed,  but  Is 
not  displayed  otherwise.  This  avoids  clutter  and  possible  confusion.  Colour  CRT  displays 
have  been  used  to  provide  this  major  Interface  between  the  pilot  and  the  various  sensors 
and  systems  needed  to  operite  the  aircraft,  with  the  emphasis  being  on  developing 
navigation  display  formats  suitable  for  the  PMS  functions  described  In  section  4.2  above. 

4.3.2  Workload  reduction 


As  well  as  Informing  the  pilot  of  the  present  position  and  status  of  his  aircraft 
and  Its  systems.  It  Is  also  necessary  to  snable  him  to  easily  input  the  data  and  commands 
required  for  overall  system  management.  The  keyboard  entry  methods  currently  used  are 
time-consuming  and  error-prone,  especially  In  high  workload  situations,  sometimes  causing 
frustration  as  well  as  sore  fingers.  Alternative  Input  techniques  are  being  tried. 
Including  the  use  of  a  Joystick  or  roller-ball  to  drive  a  cursor  symbol  on  the  CRT  screen 
In  order  to  change  the  defined  navigation  route  more  rapidly,  for  example. 

Methods  of  utilising  speech  reoognlsers  to  allow  direct  voice  Input  to  control 
selections  and  Insert  commands  and  data  to  various  automatic  systems  are  also  under 
Investigation.  Initial  results  appear  promising  but  much  work  Is  required  in  this  area  to 
determine  the  combination  of  Input  techniques  probably  needed  to  provide  the  speed  and 
flexibility  demanded  by  pilots. 


4.4  Alp  Traffic  Management 

It  Is  vitally  Important  that  the  systems  and  capabilities  provided  for  airborne  use 
are  compatible  with,  and  form  part  of,  future  Air  Traffic  Management  systems,  and  the 
Civil  Avionics  section  therefore  has  a  Joint  programme  with  the  Royal  Signals  and  Radar 
Establishment  at  Malvern,  to  consider  how  future  ATC  systems  might  develop  In  order  to 
utilise  the  capabilities  of  modern  well-equipped  aircraft.  Of  particular  Interest  Is  the 
potential  use  of  a  two-way  data  link  between  the  ground  and  the  aircraft,  for  passing  the 
more  detailed  Information  expected  to  be  needed  for  efficient  operation  of  future  ATC 
systems.  Initial  trials  are  being  carried  out  using  commercial  modem  equipment  with  VHP 
radio  transceivers  In  the  BAC  1—11  aircraft,  to  Investigate  the  Integration  of  data  link 
Information  with  ATC,  the  on-board  avionic  systems  and  the  flight  deck  crew.  Later  a  mode 
S  data  link  will  be  used  In  these  experiments. 

4.5  Plight  control 

Research  on  flight  control  aspects  Is  largely  concerned  with  non-llnear  control 
laws  and  energy  management  techniques  and  seeks  to  achieve  tighter  control  performance 
with  less  control  activity  and  fuel  burn.  This  work  Is  currently  Independent  of  the  other 
research  topics  and  Is  therefore  outside  the  scope  of  this  paper. 

5  THE  BAC  1-11  RESEARCH  AIRCRAPT 

The  programme  centres  on  a  BAC  1-11  200  series  aircraft,  equipped  with  a  multitude 
of  facilities  that  make  a  20  year  old  aircraft  a  versatile  research  tool,  le  a  flying 
laboratory.  The  present  Installation  lends  itself  to  research  into  such  topics  as 
navigation  techniques,  flight  management  system  assessment,  flight  control  and  more 
recently  the  man-machine  Interface  Including  research  Into  the  use  of  electronic  flight 
deck  displays  and  Direct  Voice  Input  (DVI) .  Por  ease  of  access  and  maintenance,  the 
majority  of  equipment,  excluding  power  and  cooling  systems,  has  been  fitted  Into  the 
passenger  cabin.  To  preserve  flexibility,  the  philosophy  of  routing  signals  and  data  via 
Junction  boxes  has  been  adopted. 

On  entering  the  cockpit,  a  striking  feature  Is  the  contrast  between  the  port  and 
starboard  pilot  panels.  The  starboard  pilot  position  retains  conventional  Instrumentation 
and  systems  and  Is  the  safety  pilot  position.  By  this  means  considerable  freedom  to 
modify  the  remainder  of  the  cockpit  has  been  obtained.  The  port  side  Is  dominated  by  two 
colour  displays  which  conform  to  ARINC  725  format  D  (8  Inch  x  8  Inch) .  One  of  these  Is 
normally  devoted  to  the  display  of  normal  primary  flight  Information,  the  other  Is  used  as 
a  navigation  display.  The  generation  of  the  navigation  display  format  Is  shared  between  a 
symbol  generator  unit  and  a  general  purpose  digital  computer.  The  basic  data  for  this 
navigation  display  comes  from  an  area  navigation  (RNAV)  system.  The  navigation  computer 
has  been  expanded  with  additional  memory  for  experimental  use  and,  with  the  numerous  soft¬ 
ware  changes  since  Its  purchase,  now  provides  a  Plight  Management  System  (PMS)  capability. 
The  controller  for  this  PMS/RNAV  Installation  Is  situated  In  the  centre  pedestal  of  the 
cockpit;  for  srenltorlng  purposes  and  software  updating  an  additional  controller  Is 
Installed  in  one  of  the  rear  observer's  control  desks. 

The  navigation  sensor  package  for  the  RNAV/PMS  and  other  systems  Includes  two  VOR 
receivers  to  ARINC  579,  a  VOR  to  ARINC  711,  three  DME  receivers  to  ARINC  568,  two 
frequency  agile  DME  receivers  to  ARINC  709,  an  Inertial  navigation  system  to  ARINC  581  and 
a  digital  air  data  system. 

A  low  cost  RNAV  system  receiver  has  also  been  Installed  Into  the  aircraft.  Trials 
have  been  conducted  In  collaboration  with  the  manufacturer,  to  assess  the  performance  of 
such  equipment. 

Situated  next  to  the  PMS  controller  In  the  cockpit  pedestal  Is  a  Radio  Management 
System  (RMS)  based  on  an  Integrated  control  and  display  unit.  This  forF.s  part  of  the  on¬ 
board  consss/nav  suite.  This  prototype  system  not  only  provides  the  pilots  with  a  tactile 
controller  with  space  saving  benefits  but  also  an  Interface  between  the  speech  recognition 
system  and  the  Tx/Rx  units. 

A  duplex  analogue  autopilot  offers  full  autoland  capability;  In  addition,  a 
microprocessor  and  a  digital  computer,  that  can  drive  the  autopilot  servo  systems, 
provides  a  flexible  and  readily  programmable  autopilot  for  experimental  purposes.  The 
aircraft  has  been  modified  to  provide  a  direct  lift  capability,  using  the  standard 
spoilers;  pitch  compensation  Is  also  available  using  an  elevator  series  actuator. 

In-house  control  research  Is  supplemented  by  UK  Industry  participation  and  recently 
a  prototype  high  Integrity  flight  control  computer  has  been  installed.  This  Joint 
programsM  between  RAE  and  Industry  will  Investigate  the  use  of  such  systems  on  a  civil 
alrorart. 

Two  dual  flight  observer  stations  are  positioned  forward  In  the  passenger  cabin. 
From  these  stations,  the  flight  observers  can  conduct  the  trial  and  also  monitor  the 
aircraft's  state  by  means  of  a  full  set  of  flight  instruments  and  displays.  The  recording 
of  most  parameters,  including  the  aircraft  Intercom,  Is  also  controlled  from  these 
stations . 

As  the  programme  has  broadened  to  Include  Air  Traffic  Management  and  man-machine 
Interface  aspects  more  equipment  has  been  recently  Installed,  Including: 
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(a)  Experimental  data  link  systems  based  on  VHF/modems  as  a  precursor  to  mode  S, 
capable  of  linking  experimental  ATC  systems  to  the  aircraft. 

(b)  Advanced  speech  recognlsers. 

Comprehensive  Instrumentation  as  well  as  a  large  number  of  signal  conditioning 
units  have  been  provided.  The  primary  recording  system  Is  a  digital  magnetic  tape  system. 
Online  analogue  pen  recorders  are  also  available.  Ihe  synchronisation  of  the  aircraft 
records  with  other  sources,  such  as  tracking  radar  Installations,  Is  achieved  by  a 
standard  time  radio  clock  receiver.  In  addition  to  the  normal  aircraft  supplies,  two 
static  Inverters  provide  4  kW  of  OK  domestic  electrical  power  at  240  V  x  50  Hz.  Seventeen 
passenger  seats  are  provided  In  the  rear  of  the  cabin  allowing  flight  demonstrations;  the 
nature  of  the  BAC  1-11  with  ventral  stairs  and  auxiliary  power  unit  also  give  the  aircraft 
a  convenient  ground  demonstration  role. 

6  PRESENT  POSITION  ON  RESEARCH  TOPICS 

6.1  Navigation 

DME/DME  navigation  is  now  widely  used  in  area  navigation  and  flight  management 
systems,  giving  an  accuracy  of  around  0.25  n  mile  when  operating  In  areas  moderately 
well-equipped  with  ground  aids.  In  other  areas  (eg  Mediterranean  and  Northern 
Scandinavia)  the  number  of  ground  aids  Is  severely  limited,  with  the  result  that  automatic 
position  fixing  systems  are  forced  to  revert  to  VOR/DME  operation,  or  even  to 
dead-reckoning,  for  long  periods  of  time.  Measurements  taken  In  the  Mediterranean  area, 
using  a  frequency  agile  DME  receiver  fitted  In  our  BAC  1-11  aircraft,  showed  that 
Intermittent  DME  data  was  frequently  available  from  a  number  of  ground  stations,  even 
though  signals  from  two  stations  giving  a  satisfactory  cut-angle  for  DME/DME  operation 
could  not  be  maintained  for  any  significant  length  of  time. 

Our  recent  navigation  research  has  therefore  been  concentrated  on  developing 
techniques  for  utilising  the  capability  of  frequency  agile  DME  receivers,  so  that  whatever 
range  Information  Is  available  at  any  particular  time  can  be  combined  with  other  aircraft 
data  to  provide  a  best  estimate  of  present  position.  As  the  data  tends  to  be  Intermittent 
In  nature,  and  could  be  coming  from  continuously  changing  sources,  the  navigation 
technique  for  combining  the  data  has  become  known  as  'data  puddle’ .  Position  fixing 
algorithms  to  combine  distance  Information  from  up  to  five  ground  stations  have  been 
developed,  together  with  the  necessary  station  selection  algorithms  for  determining  the 
preferred  five  stations  when  operating  In  areas  well-equipped  with  aids.  The  selection 
criteria  are  based  on  achieving  an  even  spread  of  ground  stations  around  the  aircraft 
whenever  possible,  rather  than  simply  accepting  the  aids  closest  to  the  aircraft.  If 
range  Information  Is  only  available  from  five  or  less  ground  stations,  then  all  the 
available  data  will  be  utilised  and  no  selection  Is  necessary.  Obviously  this  situation 
applies  In  those  areas  sparsely  equipped  with  ground  aids. 

Initial  flight  trials  using  data  puddle  In  a  good  nav  aid  environment  have  proved 
that  the  concept  works,  and  there  are  signs  that  the  expected  Improvement  In  accuracy 
compared  with  DME/DME  position  fixing  is  being  achieved,  although  no  absolute  accuracy 
measurements  have  been  made  at  this  stage.  Data  puddle  performance  on  flights  in  sparsely 
equipped  areas  shows  equal  promise,  with  position  fixing  from  two  or  more  stations  being 
maintained  for  much  of  the  time  that  conventional  DME/DME  navigation  proved  Impossible. 
There  were,  however,  times  when  the  available  aids  were  located  close  together  and 
the-efore  gave  very  small  subtended  angles,  which  could  lead  to  poor  position  fixing 
accuracy.  There  were  other  times  when  only  one  DME  station  could  be  received  or  even  none 
at  all.  Methods  for  Improving  navigation  In  these  circumstances  are  discussed  In 
section  8.1. 

6.2  Flight  Management 

The  ability  to  fly  a  defined  route  accurately,  with  no  overshoot  at  turn  points.  Is 
already  providing  many  airline  operators  with  cost  savings  as  a  result  of  fitting  RNAV  or 
FMS  equipment.  Automatic  track  following  of  complex  SID  and  STAR  routes  Is  now  available 
on  modern  FMS  systems,  and  therefore  no  significant  research  effort  Is  taking  place  In 
terms  of  lateral  flight  management  capabilities. 

Similarly,  adequate  vertical  and  speed  capabilities  are  now  available,  with  the 
pilot  able  to  define  any  climb  or  descent  profile  by  Inputting  a  cruise  flight  level  and 
required  heights  at  waypoints  along  the  route.  Demanded  speed  will  be  maintained  to  any 
value  aet  by  the  pilot,  and  automatically  changed  as  necessary  for  different  flight 
conditions  (eg  reduced  to  optimum  holding  speed  as  the  aircraft  enters  a  holding  pattern). 
A  vital  safety  back-up  Is  provided  on  our  vertical  control  system.  Each  time  ATC  clear 
the  aircraft  to  a  particular  altitude  or  flight  level,  the  pilot  Inserts  this  cleared 
value  on  his  Instrument  display.  The  same  Information  is  fed  to  the  FMS,  so  that  any 
height  profile  pre-programmed  Into  the  system  Is  then  over-ridden  and  the  aircraft 
automatically  levelled  at  the  cleared  altitude. 

Our  recent  FMS  research  has  concentrated  on  time  control.  The  need  to  absorb 
delays  by  path  stretching  is  necessary  within  to-day's  ATC  system  and  will  almost 
certainly  remain  so  In  future  systems,  although  hopefully  to  a  lesser  extent  than  at 
present.  To  meet  this  requirement  a  cruise  level  speed  control  algorithm  as  well  as  an 
automatic  holding  capability  have  been  developed  which,  together,  enable  the  pilot  to 
Insert  any  desired  hold  exit  time.  The  FMS  system  then  computes  the  size  of  holding 
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pattern  (up  to  a  maximum  of  6  min),  and  how  many  times  the  aircraft  needs  to  fly  round  the 
pattern.  If  necessary,  airspeed  Is  automatically  adjusted  on  the  Inbound  leg  of  each 
orbit  to  prevent  accumulation  of  timing  errors  during  the  sequence.  Plight  measurements 
of  the  time-keeping  accuracy  achieved  by  the  system  gave  an  exit  time  error  of  ±5  s.  The 
major  contribution  to  these  errors  was  the  track  keeping  Inaccuracy  during  the  curved 
sepnents  of  the  pattern,  where  a  lateral  error  of  only  0.1  n  mile  can  lead  to  a  10  s  time 
error.  The  accuracy  of  DME/DME  position  fixing  Is  such  that  a  6  min  hold  can  be  contained 
In  a  protected  area  somewhat  smaller  than  that  required  for  a  standard  pattern.  Also, 
because  aircraft  position  is  known  relative  to  the  pattern  without  having  to  overfly  the 
aid  defining  the  hold,  it  has  been  possible  to  Implement  a  revised  set  of  entry 
procedures,  allowing  automatic  Joins  from  any  direction  without  going  outside  the 
racetrack  pattern7 .  Adopting  these  procedures  would  eliminate  the  need  to  allott  airspace 
to  protect  hold  entry  manoeuvres  specifically.  To  cater  for  delays  of  less  than  3  min,  a 
U-shaped  manoeuvre  has  been  developed,  which  again  is  contained  within  the  defined  holding 
area,  so  the  FMS  is  fully  capable  of  absorbing  any  required  delay  using  conventional 
path-stretching  techniques. 

Of  perhaps  greater  significance  to  future  air  traffic  management  systems.  Is  the 
development  of  strategic  speed  control  (four-dlmensional  or  time-slot  following)  aimed  at 
providing  a  more  fuel  efficient  method  of  meeting  time  constraints  in  situations  where  the 
need  to  delay  Is  known  well  in  advance.  While  at  cruise  altitude,  the  pilot  can  nominate 
an  end  of  descent  waypoint  and  Insert  any  altitude,  speed  and  time  constraints  associated 
with  It.  The  system  then  calculates  the  constant  calibrated  airspeed  required  to  achieve 
these  constraints,  together  with  a  top-of-descent  point  from  which  idle  thrust  should  be 
maintained  throughout  the  descent,  with  allowance  made  for  a  deceleration  segment  towards 
the  end  of  the  descent.  Of  vital  importance  to  the  efficient  performance  of  the  descent, 
is  the  prediction  of  the  wind  conditions  the  aircraft  will  meet  during  the  descent. 
Forecast  winds  Issued  by,  for  example,  the  Met  Office  at  Bracknell  cover  a  six  hour  period 
and  can  be  based  on  data  up  to  12  hours  old,  so  it  is  essential  to  combine  the  actual 
wind,  as  measured  In  the  aircraft,  with  the  forecast  wind.  In  order  to  obtain  a  reasonable 
prediction.  Fairly  large  errors  In  forecast  wind  at  high  altitude  can  be  overcome  with 
only  small  speed  changes,  but  similar  errors  at  low  altitude  lead  to  significant  speed 
changes  because  of  the  limited  time  left  before  reaching  the  constraint  point.  The  time¬ 
keeping  performance  currently  being  achieved  is  impressive,  typically  within  ±5  s  at  the 
end-of-descent  point,  but  this  accuracy  is  only  achieved  with  thrust  changes  at  the  lower 
altitudes  and  Is  therefore  less  fuel  efficient  than  we  would  like.  Some  improvements  may 
be  possible  by  refining  the  wind  prediction  algorithm,  but  the  biggest  Improvement  would 
come  from  more  accurate  forecasts  of  the  wind  profile  along  the  descent  path,  or  by 
relaying  over  a  data-llnk  actual  winds  experienced  by  a  preceding  aircraft  that  has 
recently  descended  through  the  same  alrmass. 

6.3  Man-machine  Interfacing 

6.3.1  Displays 

Two  colour  CRT  displays,  each  8  inch  square,  and  using  shadow-mask8 tubes  with 
cursive  writing,  have  been  operating  in  the  1-11  aircraft  since  June  1981  .  The  large 
screen  size  enables  all  primary  flight  Information  to  be  displayed  on  Just  one  display. 
Airspeed,  height  and  vertical  speed  are  presented  In  a  conventional  circular  analogue 
fashion,  with  aircraft  attitude  Information  In  the  centre  of  the  display,  and  a  heading 
scale  along  the  bottom.  No  new  research  effort  has  been  put  into  this  primary  flight 
display,  and  although  not  optimum  In  some  areas,  it  presents  a  sharp  contrast  to  some  more 
recent  attempts  to  provide  the  same  Information  using  vertical  strip  scales  on  smaller 
displays.  We  feel  that  care  must  be  taken  to  present  these  critical  flight  parameters  In 
the  best  possible  way.  Additional  display  area  should  be  provided  to  meet  the 
presentation  requirement,  rather  than  compromising  the  presentation  In  order  to  squeeze  It 
Into  too  small  a  space. 

The  second  display  Is  used  for  navigation  data,  and  It  Is  in  this  area  that  our 
displays  research  has  been  concentrated.  A  full-screen  map  display  has  been  developed 
showing  the  Intended  route  of  the  aircraft  Including  any  holding  patterns,  with  track 
lines  Joining  the  waypoint  symbols.  Present  position  Is  Indicated  by  an  aircraft  symbol 
positioned  towards  the  centre  of  the  screen,  thereby  providing  considerable  look-behlnd 
capability.  This  gives  pilots  a  greater  awareness  of  position  along  the  route  and  Is 
especially  useful  when  flying  complex  SIDs  and  STARs  within  terminal  areas. 

Additional  data  can  be  selected  by  the  pilot  as  and  when  required.  Including  the 
display  of  all  navigation  aids,  all  waypoints  contained  in  the  data  base,  and  VOR  or  ADF 
bearing  pointers  for  flying  non-preclslon  approaches  or  for  monitoring  the  simplex 
navigation  computer  driving  our  map  display.  Full  scales  from  18  n  mile  up  to  300  n  mile 
are  available,  and  the  map  orientation  can  be  headlng-up,  track-up  or  north-up.  A 
look-ahead  or  planning  mode,  has  been  provided,  allowing  the  pilot  to  examine  any  part  of 
the  route  easily  and  in  fine  detail.  This  Is  especially  useful  for  checking  the 
programmed  arrival  procedure  well  before  entering  a  terminal  area.  In  this  look-ahead 
mode,  the  pilot  can  move  the  map  origin  to  any  desired  position  using  a  roller-ball 
mounted  on  his  armrest.  He  can  also,  of  course,  change  the  map  scaling  as  required. 

Danger  areas  are  automatically  drawn  on  the  map  If  the  aircraft  Is  likely  to  pass 
close  to  them.  In  a  similar  way,  safety  altitudes  have  been  Included  in  the  data  base  so 
that  If  the  aircraft  comes  close  to  Infringing  any  of  these  altitudes,  the  relevant  area 
Is  drawn  on  the  map,  together  with  the  minimum  allowable  height  within  that  area. 
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Vertical  Information  has  been  Incorporated  on  the  map  display  by  writing  demanded 
altitudes  alongside  each  waypoint  symbol,  and  colour  coding  the  route  track-lines,  using 
blue  for  climb  segments,  white  for  level  flight  or  cruise  segments,  and  brown  for  descent 
segments,  which  gives  extra  emphasis  to  the  vertical  structure.  Also  available,  by  pilot 
selection,  is  a  full-screen  vertical  display  which  allows  detailed  checking  of  the 
vertical  profile  in  much  the  same  way  as  with  the  azimuth  look-ahead  mode. 

Time-slot  following  Information  can  also  be  presented  on  the  map.  This  Includes 
the  computed  top-of-descent  point,  the  end-of -descent  waypoint  together  with  speed,  height 
and  time  constraints,  time  estimates  for  all  waypoints  In  the  route,  and  the  display  of 
any  time  errors  together  with  an  indication  of  where  the  aircraft  should  be  in  order  to 
meet  the  constraints. 

As  well  as  controlling  map  position  in  the  look-ahead  mode,  the  roller-ball  can 
also  be  used  to  position  a  cursor  symbol  on  the  map,  to  nominate  any  point  held  In  the 
data  base,  or  to  generate  new  waypoints  for  insertion  Into  the  route.  This  rapid  and 
flexible  entry  method  has  also  been  combined  with  direct  voice  input  techniques  and  Is 
discussed  further  in  section  6.3.2. 

The  current  map  display,  while  still  capable  of  improvement  and  further 
development,  provides  a  very  versatile  method  of  presenting  considerable  quantities  of 
navigation  data  to  the  pilot  and,  by  giving  an  instant  picture  of  present  position  without 
the  need  for  mental  Interpretation  of  range  and  bearing  from  ground  aids,  achieves  the 
biggest  workload  reduction  seen  in  civil  cockpits  for  many  years. 

6*3.2  Workload  reduction 


The  research  thrust  has  been  directed  towards  methods  of  data  Input  and  system 
control  other  than  conventional  CDUs,  keyboards,  knobs  and  switches.  Most  effort  has  been 
directed  at  evaluating  the  capabilities  of  the  modern  Automatic  Speech  Recognlsers  (ASRs) 
In  the  airborne  environment  and  then  to  explore  their  Integration  with  other  cockpit 
systems  to  provide  an  experimental  Direct  Voice  Input  (DVI)  capability  of  considerable 
authority . 

After  initial  testing  with  an  early  speaker  dependent  Isolated  word  recognlser,  it 
was  clear  that  connected  or  continuous  word  recognition  was  required  to  maintain  the 
natural  aspect  of  using  speech  for  control  purposes.  This  early  recognlser  also  suffered 
unacceptable  recognition  error  rates  In  the  noise  environment  of  a  cockpit. 

At  about  that  time  a  UK  firm  was  developing  a  then  advanced  connected  word 
recognlser  that  was  also  speaker  dependent  but  employed  dynamic  time  warping  to  allow  for 
within  speaker  variability.  This  machine,  the  SR  12o,  was  delivered  in  mid  1982  and  was 
subjected  to  laboratory  testing.  The  recognition  performance  was  so  encouraging  that  the 
same  equipment  was  Installed  In  the  aircraft  for  flight  testing  two  weeks  later.  Similar 
recognition  performance  was  obtained  during  flight  conditions  and,  as  a  result,  the  SR  128 
was  Integrated  with  the  cockpit  displays  and  this  degree  of  DVI  was  demonstrated  success¬ 
fully  at  the  SBAC  Air  Show  In  1982.  A  vocabulary  of  32  words  was  used.  Pilot  reaction  to 
DVI  in  this  early  stage  was  very  favourable,  to  the  extent  that  other  systems  were  con¬ 
sidered  for  voice  control.  A  prototype  Radio  Management  System  (RMS)  was  described  in 
section  5.  Experiments  using  this  menu  driven  CDU  based  system  having  been  completed,  it 
was  decided  to  attempt  DVI  control  of  the  radio  and  navigation  equipment  via  this  system. 
This  allowed  the  pilot  DVI  control  of  two  UHF/VHF  radios,  two  VHP  radios,  two  ADP 
receivers,  two  ILS  receivers,  two  VOR  receivers  and  an  SSR  transponder. 

The  vocabulary  size  required  to  control  the  comms/nav  equipment  and  the  cockpit 
electronic  displays  was  now  106  words.  To  assist  recognition  the  syntax  adopted  was 
structured  as  shown  in  simplified  form  In  Pig  4.  It  will  be  noticed  that  the  vocabulary 
Is  split  Into  two  parts,  display  commands  or  Comms/Nav  commands,  requiring  two  keywords 
(DISPLAY  or  COMMS)  to  be  said  before  the  remaining  command.  The  pilots  commented  that  the 
syntax  was  too  restricting,  and  the  necessity  for  key  words  aggravating.  The  syntax  that 
was  eventually  adopted  is  shown  In  Pig  5.  The  pilots  found  the  revised  syntax  easier  to 
remember  and  use  but  the  recognition  performance  was  degraded  due  to  the  Increase  In  the 
number  of  words  at  some  syntax  nodes.  Por  example.  In  the  first  syntax  the  number  of 
possible  words  after  the  command  'BOX'  was  23,  whereas  in  the  revised  syntax  this 
Increased  to  54. 

A  test  was  conducted  to  examine  the  impact  on  recognition  performance  of  these  two 
syntaxes.  A  standard  test  was  devised  consisting  of  typical  connected  word  commands  such 
as  BOX  1123  DECIMAL  4.  Three  pilots  conducted  the  same  test  with  both  versions  of  the 
syntax  during  flight  using  the  same  training  templates .  The  difference  In  recognition 
word  error  rate  for  the  two  syntaxes  Is  shown  In  Pig  6.  Not  only  are  there  differences  In 
performance  for  the  two  syntaxes  but  also  significant  variations  between  pilots.  The 
reason  for  the  range  In  operator  performance  Is  believed  to  be  speaker  variability;  It  Is 
hoped  that  future  speech  recognition  algorithms  may  be  more  robust. 

As  the  general  reaction  to  DVI  on  board  the  BAC  1-11  was  still  favourable.  It  was 
decided  to  attempt  Integration  with  the  PMS. 

The  Implementation  of  route  changes  through  the  PMS  keyboard  Is  a  time-consuming 
and  cumbersome  process,  and  therefore  It  was  In  this  area  that  we  concentrated  our  DVI 
Integration  efforts .  A  variety  of  route  changing  options  are  available  to  the  pilot  by 
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(e)  Response  time  to  pilot  Inputs  must  be  short;  there  should  be  no  limit  on  the 
rate  at  which  the  pilot  can  enter  data.  Also,  at  the  completion  of  any  Input 
sequence,  the  system  should  provide  any  computed  information,  demanded  as  a  result 
of  that  Input,  within  5  s. 

Experiments  with  time  control  algorithms  have  shown  that  a  high  degree  of  accuracy 
(typically  ±5  s)  can  be  achieved  in  meeting  time  constraints  at  an  end-of-descent 
waypoint6 .  nils  accuracy  Is  only  achieved  by  using  engine  thrust  In  excess  of  flight  idle 
or  unwanted  throttle  activity  in  some  wind  conditions.  It  has  proved  difficult  to  predict 
the  wind  structure  accurately  during  a  descent,  when  using  a  combination  of  forecast  wind 
along  the  descent  path  and  actual  wind  being  experienced  by  the  aircraft  at  its  current 
altitude.  Considerable  improvement  In  the  accuracy  of  forecast  wind  data  is  required  if 
such  tight  time  constraints  are  to  be  met  in  a  fuel  efficient  manner. 

7.3  Man-machine  Interface 


7*3.1  Displays 

The  clarity,  sharpness  and  colour  definition  produced  by  shadow  mask  CRT  displays 
make  a  very  favourable  Impression  on  all  pilots.  The  use  of  colour  enables  far  more 
information  to  be  presented  without  clutter  and  potential  confusion,  than  can  be  displayed 
on  monochrome  displays.  Nevertheless,  care  must  be  taken  to  display  only  essential 
Information  at  any  time.  Even  with  colour  discrimination.  It  is  easy  to  achieve  a 
cluttered  presentation  If  the  temptation  to  display  desirable,  as  opposed  to  essential, 
features  is  not  strongly  resisted. 

For  civil  applications  we  feel  that  the  colour  chosen  for  a  particular  feature  is 
not  critical.  Of  more  importance  Is  ensuring  that  a  consistent  colour  code  is  applied 
throughout  all  display  modes  and  also  from  one  display  to  another.  Primary  colours  have 
been  found  to  be  too  harsh,  and  are  more  acceptable  when  desaturated.  Pilots  generally 
prefer  the  softer  tones  of  colours  like  cyan  and  yellow.  Magenta  Is  considered  by  many  to 
be  a  harsh  colour  and  could  therefore  be  useful  for  highlighting  purposes,  although  the 
conventional  use  of  amber  for  caution  and  red  for  warning  appears  to  work  well  and  has,  of 
course,  been  readily  accepted. 

Flashing  any  symbol  on  and  off  is  very  attention-getting  and  is  therefore  effective 
for  alerting  purposes.  It  is,  therefore,  essential  to  avoid  Inadvertent  flashing  of 
symbols  on  the  display  (eg  if  a  parameter  is  dithering  at  one  end  of  Its  displayed  scale. 
It  Is  necessary  to  add  hysteresis  to  prevent  It  flashing  on  and  off)  . 

Electronic  Instrument  displays  are  still  in  a  very  early  development  stage  and 
therefore,  in  our  view,  it  would  be  premature  to  attempt  to  standardise  on  the  symbology 
and  colour  coding  in  use  on  civil  aircraft.  The  flexible  nature  of  CRT  displays  should  be 
fully  utilised.  The  optimum  choice  of  colour  and  symbology  will  largely  depend  on  the 
exact  combination  of  airborne  equipment  and  capabilities,  together  with  the  type  of 
operation  any  particular  aircraft  Is  designed  to  perform. 

Apparent  symbol  movement  can  occur  on  the  displays  (In  the  form  of  sudden  Jumps  In 
the  apparent  position  of  one  symbol  relative  to  another)  if  symbols  positioned  close  to 
one  another  on  the  screen  are  drawn  at  significantly  different  times  (more  than  about 
4  m  sec  time  difference).  Some  people  are  more  susceptible  to  this  effect  than  others. 
Time  differences  between  drawing  various  symbols  are  a  function  of  the  screen  refresh 
rate,  and  problems  of  this  sort  are  not  usually  apparent  If  refresh  rates  greater  than 
60  Hz  are  employed. 

The  uniform  brightness  level  of  all  displayed  information  is  a  feature  much 
appreciated  by  pilots.  This  particularly  applies  in  night  conditions,  when  CRT  displays 
compare  favourably  with  the  standard  of  panel  lighting  found  in  moat  cockpits  using 
conventional  Instruments.  CRT  displays  must,  however,  be  designed  to  operate  without 
flickering  when  set  to  the  very  low  brightness  levels  required  for  night  flying. 

Large  CRT  displays  (8  Inch  x  8  Inch  In  the  1-11)  give  a  wider  choice  of  formats  for 
presenting  data  compared  with  smaller  displays.  This  has  proved  Important  in  two  areas. 

On  Just  one  display  It  has  been  possible  to  present  all  primary  flight  Information,  using 
conventional  circular  analogue  counter-pointer  formats'  for  speed,  height  and  vertical 
speed.  The  second  area  concerns  the  map  display,  where  It  has  been  possible  to  position 
the  aircraft  symbol  towards  the  centre  of  the  screen,  rather  than  close  to  the  bottom.  By 
this  means  a  good  look-behind  capability  Is  provided  without  unacceptably  compressing  the 
range  scaling  of  the  map. 

It  la  worth  again  emphasising  the  overall  benefit  of  the  map  display.  Its 
introduction  on  the  civil  flight  deck  Is  considered  to  have  produced  the  largest  reduction 
In  pilot  workload  for  many  years. 

7.3.2  Workload  reduction 


A  cursor  symbol  on  the  map,  which  can  be  driven  to  any  required  position  In  order 
to  designate  already  defined  points  for  inclusion  In  the  route,  or  to  generate  totally  new 
waypoints,  has  added  considerably  to  the  speed  and  flexibility  of  route  changing  compared 
with  keyboard  entry.  Driving  the  cursor  with  a  roller-ball  controller  was  found  to  be  a 
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On  a  longer-term  basis  .we  are  cooperating  with  the  UK  Civil  Aviation  Authority  and 
Eurocontrol  to  investigate  a  mode  S  type  of  data  link.  It  is  hoped  that  this  programme 
will  provide  a  prototype  airborne  mode  S  transponder  together  with  a  Data  Link  Processor 
Unit  for  Installation  In  mid  1987-  In  the  meantime  we  have  installed  a  two-way  data  link 
In  the  1-11,  using  radio  modem  equipment  connected  to  VHP  transceivers,  which  we  Intend  to 
develop  as  a  mode  S  simulation.  By  this  means,  we  are  able  to  demonstrate  how  routing 
demands  and  constraints  might  be  passed  to  the  aircraft  from  some  future  ATC  system.  We 
can  also  Investigate  the  man-machine  Interface  problems  associated  with  data  link. 
Currently,  we  present  the  data-llnk  message  on  the  pilot's  map  display.  Required  routing 
together  with  any  constraints,  are  manually  input  to  the  FMS  by  the  pilot,  who  then  checks 
that  the  demanded  speed  to  meet  these  cdnstralnts  Is  within  the  aircraft's  capability.  In 
the  future  he  will  be  able  to  reply  over  the  data  link,  either  accepting  the  route  and 
constraints,  or  requesting  a  different  time  slot  or  alternative  routing. 

7  LESSONS  LEARNED 

7.1  Navigation 

Position  fixing  systems,  using  range  information  from  two  DME  ground  stations, 
achieve  mean  errors  of  about  0.25  n  mile,  while  systems  using  multiple  DME  ground  stations 
have  a  potential  for  achieving  mean  errors  of  perhaps  about  0.1  n  mile.  These  accuracies 
depend  on  knowledge  of  ground  station  position  and  accurate  reply  delay.  Published 
coordinates  are  sometimes  In  error,  and  sometimes  differ  depending  on  the  source  of 
information  used  (eg  whether  civil  or  military  documents  are  consulted).  The  Integrity  of 
ground  station  coordinates  in  airborne  data  bases  will  become  very  important  if  DME 
navigation  systems  are  used  as  a  means  of  reducing  track  separations  to  increase  airspace 
capacity.  Another  potential  source  of  error  lies  in  the  method  of  defining  these  station 
coordinates  in  terms  of  latitude  and  longitude.  Different  countries  use  different  grid 
coordinates  for  surveying  purposes.  We  believe  a  variety  of  earth  models  are  used  for 
converting  from  grid  coordinates  into  latitude  and  longitude.  Hils  can  lead  to 
differences  of  up  to  0.5  n  mile  In  defined  position.  Coordinate  conversion  problems  of 
this  sort  could  affect  other  accurate  position  fixing  systems  such  as  GPS,  and  indicate  a 
need  for  common  conversion  standards. 

To  avoid  receiving  range  Information  from  other  stations  on  the  same  frequency, 
some  navigation  systems  only  tune  stations  when  the  aircraft  is  within  the  protected  range 
published  for  each  station.  Other  systems  Ignore  the  protected  range  figure,  but  carry 
out  validity  checks  on  both  range  and  range  rate  before  accepting  data  as  coming  from  the 
selected  ground  station.  This  latter  method  may  well  have  benefits  In  areas  sparsely 
equipped  with  ground  aids,  as  any  validated  Information  can  be  utilised  for  position 
fixing  Irrespective  of  range  from  the  ground  station. 

An  electronic  map  giving  estimated  aircraft  position,  provides  a  very  compulsive 
and  believable  display  to  the  pilot.  It  Is  therefore  essential  that  any  degradation  In 
the  position  fixing  accuracy  (eg  as  a  result  of  reverting  from  DME/DME  to  VOR/DME  mode)  is 
suitably  Indicated  to  the  pilot.  Ideally,  the  probable  error  In  estimated  position  (based 
on  navigation  mode  In  use,  or  time  since  last  position  fix)  should  be  calculated  and 
clearly  displayed  when  greater  than  some  residual  level  (say  0.5  n  mile). 

The  use  of  a  frequency  agile  DME  for  multi-DME  position  fixing  brought  to  light  two 
problems.  First  of  all,  some  difficulties  were  experienced  In  positively  relating  a 
particular  range  value  with  Its  associated  ground  station  frequency.  This  problem  stems 
from  lack  of  adequate  data  word  Identification  In  the  ARINC  specification  for  airborne 
equipment.  The  range  data  from  a  particular  ground  station  1s  output  on  the  DME  data 
highway  Immediately  after  the  data  word  containing  the  frequency  of  that  ground  station. 
Difficulties  can  arise  In  the  event  of  falling  to  receive  some  data  words,  with  a  danger 
of  associating  the  wrong  range  data  with  a  particular  frequency.  This  problem  would  not 
have  arisen  If  each  data  word  had  been  uniquely  tagged.  Ihe  second  problem  area  concerns 
the  polar  diagram  of  DME  airborne  aerials.  Reception  In  some  directions  Is  inevitably 
better  than  In  other  directions.  This  can  lead  to  a  less  than  optimum  spread  of  available 
aids  around  the  aircraft  and  therefore  a  reduction  in  position  fixing  accuracy.  It  may  be 
desirable  to  consider  feeding  agile  DME  transponders  from  more  than  one  aerial  if  maximum 
accuracy  Is  required. 

7.2  Flight  management 

The  capability  of  flight  management  systems  to  control  the  azimuth,  vertical  and 
speed  components  of  an  aircraft's  flight  path  satisfactorily  has  been  demonstrated 
adequately,  with  a  number  of  such  systems  already  In  airline  service.  Because  of  the  wide 
range  of  options  available  to  the  pilot  and  the  complex  interactions  between  the  many 
different  operating  modes,  provided  by  these  automatic  systems.  It  Is  clear  that 
conventional  multi-function  keyboards  do  not  provide  an  Ideal  Interface  between  the  pilot 
and  the  computer  system.  Although  they  may  appear  self-evident.  It  Is  worth  stating  the 
main  requirements  of  any  future  FMS  man-machine  Interface. 

(a)  System  current  operating  state  and  engaged  modes  must  be  displayed  clearly. 

(b)  Options  available  for  selection  must  be  shown. 

(c)  Methods  for  obtaining  required  data  must  be  logical  and  obvious. 

(d)  Methods  of  Inputting,  storing  and  displaying  data  must  be  consistent. 
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keyboard  operation,  and  most  of  these  were  made  available  as  direct  voice  commands  (see 
Table  1).  The  pilot  could,  therefore,  enter  the  required  form  of  route  change  by  voice, 
together  with  relevant  waypoints  defined  by  name,  latitude  and  longitude,  or  by 
range/bearing  from  a  known  waypoint.  He  could  verify  correct  speech  recognition  using  the 
DVI  visual  feedback  display  on  the  coaming  in  front  of  him.  To  ensure  that  his  commands 
had  been  transmitted  correctly  from  the  recognlser,  through  the  associated  microprocessor, 
to  the  FMS,  the  demanded  route  modifications  were  shown  on  the  colour  map  display  in  the 
form  of  dotted  lines,  with  the  current  route  still  displayed  in  solid  lines.  When 
satisfied  that  his  commands  had  been  correctly  interpreted,  the  pilot  would  then  use  voice 
to  execute  the  route  change,  with  the  map  then  displaying  the  new  route  in  the 
conventional  way  (ie  with  solid  lines). 

Also  Integrated  into  this  FMS/DVI  route  change  system,  was  the  roller-ball/raap- 
cursor  combination  described  in  section  6.3.1  above.  The  cursor  position  could  be  used  to 
nominate  a  pre-deslgnated  waypoint  or  define  a  new  one.  These  positions,  combined  with 
DVI  commands  to  state  what  should  be  done  with  each  waypoint,  provided  a  flexible  and 
convenient  method  of  modifying  the  existing  route.  The  procedure  was  found  to  be 
particularly  useful  for  constructing  entirely  new  routes  Involving  input  of  many 
waypoints . 

In  addition  to  route  changing  functions,  DVI  has  also  been  Introduced  to  control 
FMS  mode  selection  and  to  insert  any  commanded  values  needed  for  operation  in  these 
selected  modes.  This  application  of  DVI,  where  voice  is  used  to  control  systems  which 
have  a  direct  effect  on  aircraft  attitude,  height,  heading  and  speed,  is  more  relevant  to 
military  aircraft  than  to  the  civil  flight  deck,  where  it  is  generally  easy  to  select 
modes  and  demanded  values  using  simple  switches  and  knobs.  The  principle  adopted  for 
route  changing,  where  the  pilot  verifies  that  the  system  has  understood  his  voice  command 
before  he  executes  that  command,  was  also  applied  to  the  control  of  FMS  modes  and  inputs. 

The  concept  of  using  voice  input  to  control  any  of  the  aircraft  systems  and 
facilities  was  proved  feasible  and  was  readily  accepted  by  the  pilots.  However,  delays 
between  uttering  commands  and  obtaining  aircraft  or  system  response  were  found  to  be 
unacceptably  long  in  most  cases.  These  delays  were  caused  by  a  combination  of  the  time 
taken  for  speech  recognition  and  the  long  transmission  and  handshake  times  between  the 
experimental  equipments  used  to  Implement  the  commands. 

The  vocabulary  required  for  the  control  of  electronic  displays,  comma  and  nav  and 
the  FMS  by  voice  i3  now  235  words .  This  3ize  of  vocabulary  has  caused  certain  problems 
not  only  for  the  ASR  but  also  memory  problems  for  the  operator.  These  problems  are 
discussed  in  section  7.3*2. 


6  .<t  Air  Traffic  Management 

Research  into  integrating  airborne  FMS  capabilities  with  future  strategically-based 
air  traffic  management  systems  is  going  on  in  a  number  of  countries.  Within  Europe  a 
GARTEur  Action  Group  (FM  AG03)  with  members  from  the  Netherlands,  We3t  Germany  and  the  UK 
research  establishments,  has  recently  produced  a  future  ATM  scenario  in  order  to  provide  a 
framework  to  help  assess  the  benefits  of  integrating  FMS  and  ATM  systems.  This  scenario 
identifies  a  number  of  broad  areas  where  changes  to  present  ATC  systems  are  expected. 

These  Include  improvements  In  en-route  capacity  through  exploitation  of  more  accurate 
three-dimensional  navigation,  and  use  of  longitudinal  (time  or  four-dimensional) 
navigation  and  control  to  Increase  capacity  of  Junctions  and  terminal  areas.  To  meet 
these  and  other  expected  developments,  the  scenario  suggests  that  three  distinct  levels  of 
communication  will  be  required: 

(a)  Background  level  -  for  automatic  exchange  of  data  between  air  and  ground 
computers  with  no  direct  human  intervention. 

(b)  Strategic  level  -  for  human  initiated  exchange  of  strategic  ATC  planning  and 
clearance  information. 

(c)  Tactical  level  -  for  exchange  of  information  requiring  short-term  response, 
eg  ATC  tactical  instructions . 

It  is  recognised  that  for  some  time  to  come  voice  R/T  will  remain  the  primary 
channel  for  tactical  transmissions.  However,  data  link  is  considered  to  be  the  most 
appropriate  mechanism  for  the  background  and  strategic  communication  requirements  of 
future  ATM  systems.  As  any  change  to  ATC  systems  must  take  place  in  an  evolutionary 
manner,  it  follows  that  an  early  introduction  of  data  link  features  into  the  present 
mainly  tactical  ATC  system  could  be  of  benefit  in  developing  the  necessary  formats, 
procedures  and  equipment.  Passing  weather  data  from  the  ground  to  aircraft  and 
confirmation  of  R/T  clearance  and  control  messages  are  examples  of  where  data  link  could 
be  Introduced  in  to-days  environment. 

Data  link  research  using  our  1-11  aircraft  started  with  the  installation  of  a  Data 
Buffer  Unit  which  Interfaces  with  a  SSR-type  transponder  unit,  to  provide  a  down-link  of 
aircraft  parameters  to  the  ground.  This  airborne-derived  data  is  being  used  to  assist 
development  of  the  ground  SSR  network  required  for  future  mode  S  operation,  and  this  work 
will  continue  in  conjunction  with  RSRE  Malvern. 
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considerable  improvement  compared  with  using  a  Joystick.  Pilots  find  positioning  the 
cursor  is  easier  when  using  direct  position  control,  as  in  the  roller-ball  case,  compared 
with  using  the  rate  control  necessary  with  a  spring-loaded-to-centre  Joystick. 

No  agreement  has  been  reached  over  the  direction  in  which  the  cursor  should  move 
when  the  roller-ball  is  rotated  in  a  fore-and-aft  direction.  Some  pilots  want  the  cursor 
to  move  up  the  screen  for  a  forward  movement  of  the  roller-ball,  while  others  want  the 
reverse  sense.  The  same  disagreement  on  convention  also  exists  for  Joystick  control  of 
the  cursor. 

Rotatable  knobs  for  dialling  pilot  selected  values  need  to  be  positioned  next  to 
the  visual  display  of  the  value  selected,  so  that  the  pilot  can  see  the  knob  and  the 
value  at  the  same  time.  Selected  values  may  therefore  need  to  be  displayed  on,  for 
example,  the  coaming  area  alongside  the  knob,  as  well  as  on  the  pilot's  primary  flight 
display . 


The  experiments  on  the  integration  of  DVI  have  indicated  the  great  potential  of 
speech  which  can  exploit  a  modality  of  human  to  machine  communication  which  is  so  far 
unused.  Work  so  far  has  indicated  that  the  applications  for  DVI  must  be  chosen  with  care, 
as  certain  tasks  can  already  be  done  more  quickly  and  accurately  by  other  means,  for 
example,  a  simple  switch  setting.  Also  needed  is  some  feedback  from  the  recognlser  to  the 
speaker,  together  with  a  simple  means  of  correcting  mistakes.  Visual  display  feedback  has 
been  used  so  far,  to  good  effect,  but  the  role  of  audio  feedback  needs  to  be  explored. 
Syntax  is  used  at  present  purely  to  improve  recognition  performance,  if  it  remains 
necessary  it  must  not  be  obtrusive  or  restricting;  ideally  it  3hould  become  more 
Intelligent  and  equate  more  to  the  human  use  of  context  to  improve  understanding.  Error 
rates  for  current  recognition  algorithms  are  about  lit  or  2%  per  word  for  good  subjects; 
algorithms  need  to  be  made  more  robust  to  cope  with  less  consistent  speakers  and  need  to 
cope  automatically  with  the  changing  background  noise  that  is  experienced  in  flight. 
Vocabulary  size  also  presents  an  interesting  problem  in  that  a  human  can  easily  remember 
say  50  words,  and  would  be  unlikely  to  stray  outside  an  unstructured  vocabulary  of  say 
1000  words.  Between  these  extremes  are  vocabularies  like  ours  of  about  250  words  for 
which  the  human  cannot  remember  without  being  prompted  which  word3  and  sequences  are 
permitted . 

The  combination  of  a  roller-ball  driven  cursor,  to  designate  waypoints  on  the  map 
and  DVI,  to  define  to  the  flight  management  system  the  exact  form  of  route  change 
required,  was  found  to  have  great  potential  for  overcoming  keyboard  entry  problems.  It  is 
by  combining  the  best  features  of  particular  input  techniques  in  this  way  that  the  pilot 
can  be  provided  with  the  most  effective  methods  of  interacting  with  the  automated  systems 
at  his  disposal.  He  may  wish  to  use  different  input  techniques  for  a  particular  task, 
depending  on  the  workload  he  is  under  at  the  time,  and  therefore  the  man-machine  interface 
must  remain  flexible  with  a  variety  of  modalities  available  to  him. 

Recognition  and  implementation  delays  have  been  found  frustrating,  with  total 
system  delays  of  up  to  6  s  being  experienced  on  occasion.  Tolerable  delays  are  probably 
less  than  1  second  for  a  complete  operation.  To  achieve  this  not  only  will  faster 
recognisers  be  needed  but  more  efficient  computing  architectures  will  be  required  for 
system  processing. 

8  FUTURE  PROGRAMME 

8 . 1  Navigation 


Further  development  of  the  data  puddle  concept  will  form  the  main  part  of  our 
future  navigation  work.  Special  algorithms  need  to  be  developed  to  improve  position 
fixing  accuracy,  when  all  available  DME  stations  are  situated  in  approximately  the  same 
direction  relative  to  aircraft  position,  thus  giving  very  small  subtended  angles  and  poor 
position  fixing.  The  use  of  range  rate  information,  in  conjunction  with  aircraft  track 
angle  and  ground  speed,  to  compute  aircraft  bearing  from  each  ground  station,  will  be 
investigated  to  determine  potential  benefits.  This  technique  will  also  be  tried  in 
situations  where  range  from  only  one  DME  ground  station  can  be  obtained. 

Additional  sensor  inputs  will  also  be  incorporated  into  the  data  puddle  system. 
These  will  include  VOR  bearing  Information  as  well  as  data  from  an  inertial  navigation 
system. 


Because  wide  variations  in  position  fixing  accuracy  will  occur  using  data  puddle, 
from  very  high  precision  in  areas  well  equipped  With  DME  ground  stations  to  relatively  low 
accuracy  when  only  one  aid  is  available  (or  even  non  at  all),  it  is  important  to  provide 
the  pilot  with  an  indication  of  the  probable  error  in  estimated  position.  A  method  needs 
to  be  developed  for  computing  this  probable  error  taking  into  account  the  confidence  level 
attached  to  each  element  of  data  contributing  to  the  best  estimate  of  position. 

Other  position  fixing  systems  are  expected  to  play  a  significant  role  in  future 
civil  air  transport  operations.  These  include  MLS  and  GPS,  and  our  research  programme 
will  include  Integration  of  position  data  from  these  sources  with  the  on-board  FMS, 
together  with  consideration  of  any  display  and  pilot  interfacing  requirements  resulting 
from  such  integration.  We  plan  to  Install  a  GPS  receiver  in  the  1-11  for  flight  trials 
during  1987. 
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8.2  Plight  Management 

To  achieve  maximum  airspace  utilisation,  it  will  be  necessary  for  aircraft  to 
conform  accurately  with  altitude,  speed  and  time  constraints  at  particular  route 
locations,  such  as  at  airway  intersections  and  end-of-descent  points.  Our  programme  will 
continue  to  Investigate  methods  of  complying  with  such  constraints  In  a  fuel-efficient 
manner.  In  lightly  loaded  traffic  situations.  It  may  be  possible  for  Air  Traffic  Control 
to  define  a  four-dlmenslonal  'window'  at  the  constraint  point,  such  that  the  aircraft  can 
arrive  at  the  defined  position  within  a  particular  height  band,  with  speed  held  within 
certain  limits,  and  somewhere  between  defined  earliest  and  latest  arrival  times.  In  this 
way  the  airborne  system  would  have  more  freedom  to  follow  an  optimised  flight  profile  and 
could  absorb  errors  In  wind  forecasting  In  a  cost-effective  manner  more  easily.  We  will 
be  Investigating  techniques  for  meeting  constraints  defined  in  this  way,  and  will  extend 
the  work  to  Include  multiple  constraint  points  in  the  route.  Our  work  will  provide  a 
logical  step  towards  the  concept  of  future  ATC  systems  issuing  aircraft  clearances  In  the 
form  of  four-dimensional  tubes  in  space,  as  envisaged  in  the  GARTEur  future  scenario. 

The  structure  of  present  flight  management  systems  often  makes  it  difficult  to 
Introduce  new  features  and  to  interface  with  other  systems,  for  experimental  purposes. 
Some  effort  may  be  spent  In  exploring  alternative  FMS  structures  that  could  provide 
greater  flexibility,  allow  easier  modification  and,  therefore,  be  more  suitable  for  our 
research  programme. 

8.3  Man-machine  Interfacing 

The  emphasis  of  our  future  man-machine  interfacing  work  will  be  on  Integration  of 
displays  and  inputting  techniques,  to  provide  the  pilot  with  flexible  options  for 
controlling  and  monitoring  the  aircraft  and  Its  systems.  The  aim  Is  to  combine  the  best 
features  of  particular  Inputting  techniques  to  obtain  satisfactory  overall  solutions  to 
the  many  different  situations  faced  by  the  pilot  (the  combination  of  roller-ball  driven 
cursor  symbol  and  direct  voice  input  Is  one  example  of  a  possible  solution) . 

A  large  experimental  display  area  will  shortly  be  provided  In  the  centre  of  the 
1-11  cockpit  coaming,  with  CRT  displays  with  touch-sensitive  screens  being  fitted 
Initially.  These  will  be  replaced  by  flat-panel  displays  as  soon  as  suitable  devices 
prove  worthy  of  flight  evaluation. 

There  Is  scope  for  improvement  in  current  map  displays,  particularly  In  terms  of 
better  presentation  and  integration  of  vertical  Information,  possibly  leading  to  some  form 
of  'path-ln-the-sky '  display.  There  is  also  a  need  for  improved  display  of  heading 
Information  on  the  map,  as  some  pilots  miss  the  level  of  orientation  provided  by 
conventional  compass  rose  displays.  The  integration  of  weather  radar  data  on  the  map  is 
another  Important  aspect,  but  can  only  become  part  of  our  programme  if  funding  for 
suitable  radar  equipment  Is  made  available. 

Improvements  are  expected  in  the  capabilities  of  automatic  speech  recognlsers,  and 
new  systems  will  be  assessed  as  they  become  available.  It  is  particularly  hoped  that 
improvements  will  be  evident  in  their  capability  to  cope  with  changes  In  background  noise 
level,  and  that  faster  computing  will  reduce  recognition  delay  times.  Our  programme  may 
also  Investigate  the  use  of  audio  feedback  of  DVI  recognition  to  supplement  the  present 
visual  feedback  method. 

One  long-term  aim  of  our  research  Is  to  develop  a  'flying  desk'  cockpit  environment 
in  the  1-11  aircraft.  This  would  involve  removing  the  control  column  on  the  port  side  of 
the  aircraft  and  Installing  a  sidestlck  or  rainlstick  controller.  By  this  means  the  space 
around  the  pilot  becomes  more  accessible,  and  allows  greater  freedom  for  Introducing  new 
display  technology  and  improved  interfacing  techniques.  We  are  constructing  a  ground  rig 
to  enable  full  testing,  development  and  integration  of  alternative  display  and  Inputting 
methods  to  take  place  before  installing  the  most  promising  systems  In  the  1-11  for  flight 
testing. 

8.4  Air  Traffic  Management 

The  future  scenario  suggested  by  GARTEur  Action  Group  PM  AG03  will  be  used  as  an 
overall  guide  to  our  air  traffic  management  programme.  This  will  be  carried  out  In 
cooperation  with  other  agencies  such  as  CAA,  Eurocontrol  f)nd  GARTEur,  as  it  Is  vital  to 
evolve  International  solutions  to  ATM  problems,  as  well  as  achieve  compatibility  between 
the  ground  and  airborne  elements.  The  principal  aim  of  the  programme  Is  to  improve 
overall  operational  efficiency,  which  involves  Increasing  airspace  capacity  and  allowing 
aircraft  operators  to  achieve  Individually  optimised  flight  profiles. 

Our  flight  programme  investigating  the  use  of  data  link  will  continue.  In 
conjunction  with  RSRE  Malvern,  by  providing  airborne-derived  data  to  assist  development  of 
the  ground  SSR  network  required  for  future  mode  S  operation.  We  will  also  continue  to 
develop  a  mode  S  simulation  capability,  using  radio  modem  equipment,  with  the  aim  of 
demonstrating  the  concept  of  a  ground-based  data  network  being  linked  to  the  aircraft  with 
Its  airborne  data  network.  Methods  of  integrating  the  data  link  system  with  the  avionic 
network  will  be  Investigated,  Including  any  display  and  hard-copy  requirements.  Provision 
of  automatic  entry  of  data-llnked  ATC  routing  commands  and  constraints  into  the  FMS  albeit 
after  acceptance  by  the  pilot.  Is  one  example  of  the  integration  required. 


65-13 


9  A  LONG  TERM  FUTURE  LOOK 

This  Paper  has  concentrated  on  current  and  projected  developments  In  avionic 
technology.  There  are  corresponding  developments  emerging  from  research  Into  ATC, 
examples  Include  better  radars  and  radar  processing  which  will  allow  more  precise 
monitoring  In  busy  airspace.  Also,  algorithms  for  automatic  conflict  prediction  and 
resolution  will  be  combined  with  refined  automatic  scheduling,  to  provide  a  complete 
computer-based  source  of  ATC  advice.  Here  too,  better  man-machine  interfaces  will  be 
needed,  large  full  colour  displays  and  direct  voice  input  will  almost  certainly  have  a 
role  to  play  in  these  Improved  interfaces. 

It  is  assumed  that,  with  computer-based  systems  on  the  ground  and  in  the  air, 
digital  data  links  will  form  the  obvious  and  ideal  basis  of  air/ground  communication,  with 
voice  RT  being  reserved  for  special  functions  such  as  emergency  actions  or  perhaps  even 
reassurance. 

There  is  as  yet  no  agreement  on  how  a  future  ATM  system  would  operate,  but  the 
following  proposed  sequence  may  well  serve  to  illustrate  our  own  thinking  for  the  years 
beyond  2000  and  also  to  provoke  further  discussion. 

(a)  The  aircraft  approaches  a  control  boundary  and  makes  a  bid  for  a  preferred  route 
and  timing. 

(b)  The  ground  system  checks  the  request  against  the  known  traffic  situation  and  offers 
a  trajectory  and  time  slot;  this  may  or  may  not  be  the  one  the  aircraft  requested. 

(c)  If  necessary,  data  link  based  negotiation  ends  with  an  agreed  description  of  the 
trajectory,  defined  in  four-dimensions  all  the  way  to  the  runway  threshold. 

(d)  This  trajectory  description  Includes  data  on  the  allowed  tolerances,  ie  the  size  of 
the  defined  tube  in  space.  Low  density  traffic  allows  loose  tolerances  which  the 
aircraft  can  exploit  to  minimise  its  operating  cost;  conversely  high  traffic 
densities  will  demand  a  tightly  constrained  or  narrow  tube  to  meet  traffic  needs. 

(e)  The  aircraft  then  executes  the  trajectory  and  is  monitored  by  the  ATC  system,  with 
intervention  only  needed  for  deviations  or  emergencies. 

Even  these  simple  statements  pose  many  problems  in  the  technical,  human  engineering 
and  possibly  political  arenas  and,  as  yet,  the  cost  benefit  studies  needed  to  Justify  such 
major  change  have  not  been  carried  out. 

The  future  arrival  of  satellite  based  systems  for  communication,  navigation  and 
surveillance,  such  as  are  being  considered  by  the  ICAO  FANS  committee,  provides  a  common 
reference  for  such  operations  rather  than  altering  the  ATM  concepts. 

10  CONCLUSIONS 

This  Paper  has  attempted  to  describe  the  problems  and  resulting  trends  that  have 
led  to  the  existing  level  of  avionic  sophistication  in  the  latest  generations  of  civil 
aircraft.  These  standards  of  avionics  have  quite  short  economic  payback  times  and  would 
appear  to  have  fully  Justified  the  Investment  Involved.  However,  airlines  have  realised 
that  still  greater  savings  could  be  realised  if  ATC  would  allow  procedures  more  compatible 
with  modern  aircraft  and  systems.  As  a  result,  pressures  are  mounting  on  ATC  authorities 
to  move  this  way.  ATC,  at  the  same  time,  is  facing  problems  due  to  already  saturated 
bottlenecks  in  the  system  and  yet  is  facing  substantial  predicted  Increases  in  traffic 
demand. 


The  solutions  to  both  economic  and  traffic  problems  would  appear  to  be  with 
increased  dependence  on  computer-based  advice  and  automation.  Given  the  assumption  that 
pilots  and  air  traffic  controllers  will  remain  in  the  loop,  then  a  whole  new  range  of 
nam-machlne  Interface  problems  have  to  be  solved.  The  civil  avionics  research  programme 
at  RAE  Bedford  has  been  working  for  some  time  in  the  technologies  and  their  integration 
needed  for  a  future  air  traffic  management  system;  this  Paper  has  concentrated  on  some  of 
the  technologies  that  will  be  present  in  future  civil  flight  decks. 

Some  Important  lessons  emerging  from  this  largely  experimental  work  can  best  be 
summarised  under  a  series  of  headings : 

NAVIGATION 

There  is  still  substantial  development  potential  in  conventional  radio  aid 
based  navigation  but  there  are  problems  to  be  faced  with  the  accuracy  and  integrity 
of  data  bases.  It  is  probable  that  a  completely  new  system  based  on  satellites 
would  also  suffer  from  these  problems . 

PLIGHT  MANAGEMENT 

Current  PMSs  are  very  capable,  perhaps  even  over  complex.  Puture  developments 
must  Include  better  man-machine  Interfaces.  Good,  fuel  efficient,  four-dimensional 
descents  need  better  wind  and  other  atmospheric  data  than  is  given  by  current 
forecasting  techniques . 
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DISPLAYS 

The  arrival  of  full  colour  CRT  displays  on  the  flight  deck  Is  an  enormous 
advance,  and  here  as  elsewhere  big  displays  provide  more  opportunity  for  an 
Integrated  presentation  than  do  small  ones.  The  electronic  map  Is  very  powerful 
and  will  be  the  medium  which  will  make  future  complex  trajectories  comprehensible. 

WORKLOAD 

Modern  cockpits  with  their  clean,  uncluttered  presentations  are  very  good 
Indeed,  but  a  future  ATM  scenario  will  be  more  complex  than  at  present  and  will 
require  greater  dialogue  between  the  pilot  and  his  computing  systems.  Direct 
voice  Input  and  other  techniques  offer  great  potential  In  this  dialogue,  but  they 
must  be  used  carefully  if  this  potential  Is  to  be  realised. 

Finally,  It  Is  worth  pointing  out  again  that  all  of  these  developments  are  driven 

by  the  demands  for  additional  traffic  capacity  and  Improved  efficiency  and  that  therefore 

additional  efforts  to  quantify  the  benefits  are  needed. 
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OPTIONS  AVAILABLE  TO  THE  PILOT  BY  VOICE  COMMANDS 


(a)  Route  change  procedures 

1  Oo  direct  from  present  position  to  new  waypoint 

2  Oq  direct  from  one  waypoint  to  another  waypoint 

3  Insert  a  new  waypoint  after  an  existing  waypoint 

4  Change  one  waypoint  for  another  waypoint 

5  Delete  existing  waypolnt(s) 

(b)  Selection  of  lateral,  vertical,  speed  and  time  modes 

(cO  Insertion  of  commanded  values  relevant  to  each  mode 
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SEMI-AUTOMATIC  CROSS-CHECKING  BETWEEN  DIFFERENT  COPIES  OF  THE  SAME  FLIGHT  PLAN 
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A  flight-plan  usually  exists  in  savsral  different  fores,  in  the  aircraft  flight 
management  syatea,  as  hard  copy  on  the  flight-deck,  in  one  or  aore  ATC  data  processors, 
and  distributed  over  flight-progress  strips  (or  their  electronic  equivalents)  in  one  or 
■ore  control  centres.  Any  discrepancies  between  various  versions  of  the  plan  are  poten¬ 
tially  hasardous.  Given  that  the  flight  plan  is  already  stored,  for  one  reason  or  another, 
in  at  least  ooa  computer,  it  is  proposed  that  each  coaputer  should  also  be  used  to  generate 
a  “check  word*^ which  can  easily  and  rapidly  be  coshered  with  that  stored  as  hard-copy  or 
in  soae  other  aachine .  The  check  word  aight  consist  of  four  alpha  characters  which  can 
easily  be  reaeabered  and  passed  by  voice.  The  paper  discueses  possible  algorithas  for 
generating  check -words,  and  gives  the  results  of  soae  laboratory  trials  of  a  prototype 
systea.  -,-r — 


ERRORS  IN  GENERAL 

Air  traffic  control  does  not  have  a  aonopoly  over  clerical  errors,  and  the  technique 
outlined  in  this  paper  aay  well  be  applicable  in  other  areas,  but  work  has  so  far  concen¬ 
trated  on  flight  plan  data,  where  undetected  errors,  although  rare,  can  have  major  safety 
iaplications.  A  discrepancy  between  the  flight  plan  used  at  route  qualification  briefing 
and  that  supplied  to  the  flight  aanagewent  coaputer  on  the  day,  was  a  factor  in  the 
disaster  to  New  Zealand  flight  TE901,  which  flaw  into  the  side  of  an  Antarctic  volcano, 

Mt.  Erebus,  in  Noveaber  1979.  Measures  have  recently  been  introduced  in  the  UK  to  ensure 
that  controllers  are  reainded,  by  a  suffix  to  the  radio  call  sign,  when  an  aircraft  is 
flying  to  a  plan  that  differs  froa  a  version  earlier  stored  by  ATC.  The  European  Air 
Navigation  Planning  Group  are  reviewing  the  procedures  wore  generally.  It  seems  likely, 
therefore,  that  probleas  have  been  encountered  in  ATC  as  well  as  on  the  flight  deck. 

The  probleas  of  validating  copies  of  laportant  documents  auat  have  arisen  very  early 
in  history,  when  aanual  copying  was  virtually  the  only  aethod  by  which  a  document  could 
be  duplicated.  If  there  is  a  task  aore  boring  than  the  aeticulous  copying  of  a  lengthy 
docuaent,  it  aust  be  the  subsequent  collation  of  the  copy  and  the  original  in  the  process 
of  checking  for  possible  errors.  A  number  of  techniques  were  accordingly  devised  which, 
whilst  not  guaranteeing  to  detect  all  possible  errors,  had  the  advantage  that  they  could 
detect  aany  errors  by  a  simple  check.  Such  simplicity  not  only  saves  tism,  the  process 
is  aore  likely  to  be  carried  out  correctly.  The  so-called  SECUNDO  FOLIO  aethod  was  based 
on  a  comparison  of  the  leading  words  of  the  second  or  subsequent  pages  of  two  nominally 
identical  documents,  on  the  grounds  that,  given  reasonable  standardisation  of  letter  site 
and  spacing,  a  discrepancy  at  the  top  of  the  two  “second  pages*  would  point  to  a  repeti¬ 
tion  or  deletion  froa  soam  earlier  page.  Each  page  of  the  hand-drawn  scrolls  of  the 
Jewish  Bible,  the  TORAH,  is  believed  to  Incorporate  a  Beans  whereby  the  scribes  can  check 
that  the  page  contains  the  correct  number  of  words. 

Such  checks,  no  doubt,  rapidly  draw  attention  to  aany  of  the  errors  likely  in  hand¬ 
written  copy.  They  do  not  serve  to  catch  other  errors  cosson  in  typing,  such  as  the 
transposition  of  two  adjacent  characters.  Such  aistakes  are  easily  detected  and  corrected 
by  human  readers  of  plain  language  text,  but  an  error  in,  for  example,  a  call-sign,  SSR 
code,  or  a  waypoint  co-ordinate  in  an  aircraft  flight  plan  may  more  easily  escape  detec¬ 
tion,  although  such  an  error  is  potentially  dangerous.  Errors  in  sassages  sent  by  tele¬ 
printer  or  other  telegraphy  channel  aay  contain,  in  addition  to  normal  typing  errors,  one 
or  aore  corrupt  “bits*  in  the  string  of  characters  received.  Such  errors  can  be  detected 
by  aaans  of  an  error-detecting  code  in  the  transmission  mechanism.  If  the  errors  are 
sufficiently  sparse,  they  aay  even  be  corrected  on  reception.  In  its  simplest  fora,  an 
error -correcting  code  is  formed  by  adding  a  redundant  bit  to  the  seven-bit  code  that  is 
essential  to  define  an  ASCII  or  ISO  (CCITT  Alphabet  No.  5)  character.  The  redundant  bit 
enables  a  single-bit  error  in  the  character  to  be  detected,  but  correction  is  only 
possible  by  demanding  a  replay  of  part  of  the  message.  More  e labor ete  codes  are  possible, 
such  as  the  frame  check  sequence  used  by  the  Common  ICAO  Data  Interchange  Network,  CIDIN 
(i),  or  that  proposed  for  MR  Node  s.  These  are  capable  of  detecting  a  moderate  number 
of  independent  errors,  and  the  faulty  bit  can  often  be  precisely  identified,  thus  enabling 
the  correct  massage  to  be  reconstructed  et  the  receiver .  These  mechanisms  can  only  detect 
errors  that  arise  after  the  redundant  bits  have  been  incorporated  in  the  message,  “garbage 
in,  garbage  out"  still  applies. 

Given  a  message  such  aa  a  Flight  Flan,  which  has  a  defined  structure  and  which  is 
handled  by  computers  Mich  can  be  prograanmd  to  test  the  validity  of  the  message  content , 
further  cheeks  are  possible.  For  example,  one  cam  cheek  that  the  cruising  level  and 
airspeed  are  within  the  aircrafts'  capabilities,  that  successive  waypoints  along  the 
route  are  not  toe  far  apart,  and  so  oa .  These  checks  on  the  stored  flight  plan  cannot  do 
more  than  establish  that  the  flight  plan  is  credible,  it  does  not  have  to  be  correct i 
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yesterday 1 •  flight  plan  would  pass  tha  credibility  checks  as  easily  as  today's.  Given  a 
suitable  data  link,  it  is  possible,  in  principle,  automatically  to  check  that  the  data  in 
the  flight  management  computer  is  consistent  with  that  held  in  the  ATC  processor,  but  it 
will  be  much  more  difficult  to  check  that  the  computer  data  is  consistent  with  a  hard¬ 
copy  version. 

Reference  2  pointed  out  a  drawback  to  the  present  N.  Atlantic  position-reporting 
system,  where  waypoint  co-ordinates  (latitude  and  longitude)  are  quoted  as  integer 
multiples  of  a  degree,  corresponding  to  the  lateral  separation  standard,  60  nm.  The 
effect  is  that  many  errors  in  inputting  waypoint  data  will  result  in  a  plausible  but 
Incorrect  figure  being  delivered  to  the  computer.  If  the  lateral  tracks  were  separated 
by  59  nm,  say,  transposition  of  two  latitude  digits  would  yield  a  result  that  was  not  an 
integral  multiple  of  59  minutes,  and  the  error  could  easily  be  detected,  unfortunately, 
it  is  difficult  to  see  how  the  ATC  system  could  now  make  a  transition  from  60  nm  to  59  nm 
spacing. 

THE  USE  OF  "CHECK-WORDS" 

The  present  paper  is  pristarlly  concerned  with  the  detection  of  differences  between 
two  or  more  versions  of  a  given  message.  The  proposed  method  is  quite  general,  and  does 
not  need  access  to  any  data  other  than  the  message  itself.  An  algorithm  has  been  devised 
which  generates,  at  the  end  of  the  message,  or  at  the  end  of  a  page  if  the  sassage  is 
long,  a  "check-word"  consisting  of  four  alphabetical  characters,  say.  The  check-word  is 
easy  to  compute,  and  the  result  can  be  printed  at  the  end  of  hard-copy  versions  of  the 
sassage,  or  displayed  at  the  output  of  any  computer  holding  the  same  text.  The  four- 
letter  check -word  is  suggested  as  a  suitable  length  for  most  purposes,  but  there  is  no 
problem  in  making  the  word  longer  or  shorter  if  desired. 

The  four-letter  check-word,  supposing  we  are  confined  to  the  26  alphabetical  charac¬ 
ters  in  the  ICAO  alphabet  (3),  is  capable  of  taking  any  one  of  456,976  combinations.  Let 
us,  for  the  moment ,  consider  some  numerical  representation  of  the  check-word,  hereafter 
referred  to  as  the  "value"  of  a  given  text.  The  text  will,  in  general,  have  more  than 
26  different  cheracters,  if  we  include  the  numerals  0-9,  punctuation  marks  and,  for  some 
applications,  diacritical  signs  (represented  by  a  letter,  backspace  and  some  agreed  symbol) 
used  to  denote  accented  characters  not  found  in  the  alphabet  defined  in  reference  3.  The 
alphabet  used  in  the  original  text  is  not  Important  so  long  as  there  exists  some  agreed 
method  of  representing  each  character  in  the  alphabet  by  some  numeral  unique  to  the 
character.  This  number  is  then  multiplied  by  a  "weight"  chosen  in  accordance  with  some 
rule  to  be  discussed  below.  The  product,  here  termed  the  "value"  of  the  character,  is 
added  to  that  of  all  other  characters  in  the  message,  and  the  total,  the  "value"  of  the 
message  as  a  whole,  is  used  to  define  the  check-word,  by  some  means  to  be  discussed  later. 
The  simplest  possible  algorithm  for  converting  a  text  into  a  check  value  is  to  give  each 
character  the  same  weight,  unity  say.  Unless  the  value  thus  derived  exceeds  456,976,  the 
check  value  is  a  reliable  test  that  two  copies  of  a  given  message  contain  the  same  charac¬ 
ters,  but  there  is  no  check  that  the  characters  are  in  the  same  order  in  the  two  versions. 
If  the  resulting  value  exceeds  456,976,  the  value  used  for  check  purposes  is  the  remainder 
obtained  on  division  of  the  original  figure  by  456,976.  There  is  therefore  a  risk  that 
two  different  messages  may  yield  the  same  check  word.  This  situation  is  inevitable,  since 
the  number  of  possible  messages  is  infinite,  and  the  possible  permutations  of  a  limited 
number  of  characters  forming  a  check  word  is  finite.  The  probability  of  a  coincidence 
can  be  reduced  to  any  desired  level  by  making  the  check  word  long  enough.  For  the  present 
purposes,  it  is  suggested  that,  since  the  probability  of  the  error  which  the  check  word 
is  to  detect  is  itself  low,  a  reduction  in  the  resulting  risk  by  a  factor  of  100,000  may 
be  more  than  adequate. 

To  overcame  the  danger  of  failing  to  detect  transposition  of  a  pair  of  characters, 
the  algorithm  that  generates  the  check  value  must  be  more  complex  than  suggested  above. 
Transposition  of  two  adjacent  digits  can  be  detected  by  giving  different  weights,  eg  1 
and  3,  to  alternate  characters.  The  difficulty  reatains  that  many  siaq>le  errors,  such  as 
412  for  214  will  escape  detection.  A  better  method  is  to  give  each  character  a  different 
weight,  at  least  until  some  practical  upper  limit  is  reached.  This  can  be  achieved  by 
giving  each  character  a  weight  equal  to  the  character's  position  in  the  message.  Tot  a 
long  message,  it  will  eventually  be  necessary  to  restart  the  nuafeering  process  to  avoid 
the  need  to  handle  inordinately  longer  numbers,  but  see  below. 

Having  computed  the  value  of  the  whole  message,  it  is  rtow  proposed  to  convert  it  to 
a  group  of  alphabetical  characters,  four  say.  Four  alpha  characters  can  represent  more 
than  400,000  combinations,  and  is  easier  to  remember  than  a  group  of  six  numerals.  An 
obvious  method  of  conversion  is  to  express  the  value  in  radix  26.  Just  as  in  the  normal 
decimal  convention,  tha  four  digits  of  a  number,  2345,  say,  denote  (1000  *  2)  ♦  (100  •  3)  ♦ 
(10  •  4)  ♦  5,  in  radix  26  tha  digits  would  denote  (2C  •  2)  ♦  (2d2*  3)  ♦  (26  •  4)  ♦  5. 
Instead  of  rant  ng  from  0  to  9,  the  individual  digits  can  each  range  from  0  to  25  and 
substitution  of  alpha  characters  is  now  a  trivial  task. 

A  weakness  of  this  system  is  that  a  single  error,  such  as  the  substitution  of  FL  270 
for  FL  290,  is  likely  to  change  only  a  single  character  in  the  check-wordi  the  "most 
signif leant*  letters  will  change  only  slowly  as  characters  sre  added  to,  or  subtracted 
from,  the  text  to  be  checked.  Indeed,  since  a  typical  flight  plan  requires  only  a  short 
■••••ge.  some  of  the  letters  in  the  cheek  word  may  rarely  change  at  all.  A a  error  can 
cause  the  check  value  to  change  in  either  direction.  If  a  single  error  results  in  only 
a  small  change  in  the  check  word,  there  is  a  significant  risk  that  two  errors  in  the 
message  nay  leave  the  check  word  unchanged.  This  situation  can  be  improved  by  using 
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weights  which  vary  rapidly  over  a  considerable  range  between  successive  characters,  the 
object  being  to  produce  weighted  character  values  which  are  spread  over  the  entire 
available  range,  even  for  short  messages. 

The  use  of  a  pseudo-random  number  generator  to  generate  a  sequence  of  weights  does 
not  jasily  satisfy  the  requirement.  We  need  an  algorithm  which  enables  all  conceivable 
types  of  computer  to  generate  the  same  random  sequence.  Further,  the  suggested  scheme 
would  lead  to  calculations  involving  large  integers,  and  multiple-length  arithmetic  would 
be  needed  in  many  machines,  with  a  subsequent  penalty  in  processor  time.  An  alternative 
approach,  that  involves  only  arithmetic  on  small  integers  whilst  avoiding  the  problems 
involved  in  generating  standardised  pseudo-random  integers,  will  be  discussed  in  the 
following  section. 

THE  PROPOSED  SOLUTION 

It  is  proposed  to  compute,  not  one  "value*  for  the  message,  but  a  separate  value  for 
each  character  in  the  check  word,  using  a  different  weight  for  each.  It  will  be  shown 
that,  given  a  check  word  based  on  an  alphabet  of  26  characters,  and  a  message  alphabet  of, 
say,  40  characters,  only  integers  are  involved  in  the  calculation  and  none  need  e^.-eed 
about  1040.  Most  of  the  numbers  involved  can  be  stored  and  processed  as  a  single  8-bit 
word.  The  final  step  in  converting  each  message  value  into  a  single  alpha  character  is 
to  divide  the  value  by  the  number  of  available  letters  in  the  alphabet  and  to  discard 
everything  but  the  remainder.  If  there  are  M  characters,  this  remainder  will,  in  what 
follows,  be  referred  to  as  the  value  (MODULO  M) .  It  can  be  shown  that  the  value  (MODULO 
M)  of  the  difference,  the  sum,  or  the  product  of  two  integers  is  not  changed  if  any 
multiple  of  M  is  subtracted  from  either  or  both  of  the  integers  before  the  calculation 
is  commenced.  The  truth  of  this  assertion  is  obvious,  for  MODULO  10,  at  least.  The  value 
(MODULO  10)  of  any  integer  is  simply  the  least  significant  digit  of  the  number  as  normally 
written,  and  it  is  easy  to  see  that  this  digit  in  the  result  of  an  addition,  subtraction 
or  multiplication  depends  only  on  the  least  significant  digits  of  the  numbers  input  to 
the  calculation.  It  is  not  necessary  for  the  programmer  to  reduce  his  numbers  to  MODULO  M 
at  each  step,  but  he  is  free  to  do  so  whenever  the  integers  become  inconveniently  large. 

From  the  argument  given  above,  it  is  clear  that,  with  the  suggested  method  of  gener¬ 
ating  the  check  word,  there  is  no  point  in  having  a  Might  greater  than  M,  since  the 
outcome  of  the  weighting  process  depends  only  on  the  weight  (MODULO  M) .  It  follows, 
similarly,  that  if  the  number  of  characters  in  the  alphabet  used  for  the  text  (including 
nuawrals  and  other  signs  which  are  to  be  taken  into  account  when  computing  the  check  word) 
is  greater  than  M,  there  must  arise  situations  where  different  characters  in  the  text 
have  the  same  value  (MODULO  M) .  For  example,  with  a  40  character  alphabet  for  the  text 
and  M  •  26,  no  less  than  14  characters  will  have  synonyms  when  converted  (MODULO  26). 

This  ambiguity  can  be  resolved  by  using  different  values  for  M  in  generating  the 
various  letters  for  the  check  word.  It  can  be  arranged  that  if  the  'true'  and  'false' 
versions  of  a  given  character  give  the  same  value  in  the  calculation  of  one  character 
in  the  check  word,  the  two  versions  of  the  text  will  result  in  different  values  in  compu¬ 
ting  the  other  three  characters.  In  the  experimental  version,  the  four  letters  for  the 
check  word  are  calculated  for  M  equal  to  26,  25,  23  and  21.  The  number  of  possible 
combinations  of  Mights  is  equal  to  the  number  of  check  words  now  available,  the  lowest 
common  multiple  of  the  four  values  chosen  for  M,  ie  313,950.  We  have  resolved  the 
ambiguity  at  the  expense  of  a  reduction  in  the  number  of  possible  check  words  from 
456,976.  The  method  of  generating  successive  weights  has  been  designed  to  ensure  that 
each  Might  changes  rapidly  over  the  available  range  and  that  there  is  no  correlation 
between  changes  in  the  Mights  used  to  generate  different  characters  in  the  check  word. 
Successive  values  of  each  Might  can  be  calculated  by  a  method  which  requires  only  the 
addition  and/or  subtraction  of  integers,  so  that  the  outcome  will  not  depend  on  charac¬ 
teristics  of  the  host  processor. 

EXPERIMENTAL  RESULTS 

For  purposes  of  experimental  work,  the  immediate  source  of  test  messages  is  the 
output  of  a  word-processor,  resident  in  a  16-bit  micro.  Most  word  processor  software  is 
so  designed  that  it  is  difficult  for  an  outsider  to  penetrate  its  workings.  A  simple 
method  of  appending  additional  software  for  check  word  generation  is  to  use  a  second 
microprocessor  to  easalate  the  printer  to  which  the  word-processor  output  is  normally 
delivered.  This  second  machine  can  perform  the  necessary  check  word  claculations  on 
each  character  before  passing  it  to  the  printer  mechanism.  The  additional  processing 
need  have  no  serious  effect  on  printing  speed.  At  the  end  of  the  text,  the  emulator 
software  appends  the  check  word  to  the  original  text.  This  technique  may  be  of  interest 
to  other  workers  wishing  to  test  a  check  word  system  without  disturbing  some  existing 
software  package.  The  emulator  can  even  be  driven  directly  from  a  teleprinter. 

Figure  1  shows  a  short  section  of  the  sequence  of  Mights  generated  by  the  experi¬ 
mental  word-check  algorithm.  The  four  numbers  printed  in  each  row  correspond  to  the  four 
characters  in  the  check  word.  The  pattern  in  the  left-hand  column  repeats  after  26  rows, 
that  in  the  second  after  25  rows,  and  those  in  the  third  and  fourth  rows  after  23  and  21 
respectively.  Since  these  four  numbers  have  no  common  factors,  the  pattern  as  a  whole 
will  repeat  only  after  26  x  25  x  23  x  21  rows. 

Figure  2  shows  a  rather  improbable  message  consisting  of  24  rows  of  40  identical 
characters,  whose  numerical  equivalent  in  the  software  Is  unity.  The  check  word,  GAVJ, 
is  shown  below  the  text  of  the  massage. 
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FIGURE  1.  Sample  Weightings 
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FIGURE  2 .  GAVJ 

In  Figure  3,  a  single  character  has  been  changed  from  "A"  to  "B"  (numerical  equiva¬ 
lent  2).  Note  the  change  in  every  character  of  the  check  word,  GAVJ  has  become  HRCK. 


Table  1  gives  the  probability  that  a  single  radome  error  in  the  text  will  change  any 
given  number  of  characters  in  the  check  word. 


Characters  Changed 

Probability 

4 

67.2* 

3 

29.3* 

2 

3.38* 

1 

0.14* 

0 

0.0036* 

TABLE  1 


Effect  on  a  4-Character  Check  word  of  a  Random  Change  in  One  Character  in  the  Text 
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FIGURE  3 .  HRCX 

Table  One  was  obtained  experimentally ,  using  the  algorithm  explained  above,  for 
330,000  trials  each  involving  one  random  change  to  a  character  selected  at  random  in  a 
100-word  text.  The  probability  of  failing  to  change  even  a  single  character  in  the  check 
word  is  about  10  times  greater  than  when  the  same  algorithm  is  used  with  a  text  drawn 
from  a  26-character  alphabet ,  thus  avoiding  synonyms. 

OUTSTANDING  PROBLEMS 

This  paper  has  concentrated  on  "the  flight  plan".  In  fact,  a  flight  plan  is  a 
relatively  complex  document  containing  assorted  data  not  all  of  which  is  relevant  to  the 
tasks  of  every  user  of  the  data.  It  is  not  normally  necessary,  for  example,  to  tell  a 
flight  management  computer  the  type  of  aircraft  in  which  it  is  fitted.  Similarly,  ATC 
authorities  are  principally  concerned  with  details  of  the  route  by  which  an  aircraft  plans 
to  pass  through  their  particular  jurisdiction.  Although  the  check  word  proposal  might  be 
useful  even  to  a  single  airline  using  the  system  purely  for  its  own  purposes,  much  greater 
benefits  might  arise  if  the  technique  was  used  by  the  majority,  though  not  necessarily 
all,  of  the  civil  aircraft  in  a  given  region,  not  only  for  checks  within  the  airline  or 
the  ATC  organisation,  but  also  for  overall  checks  between  aircraft  and  ATC.  It  will  then 
be  necessary  to  agree  on  those  features  of  the  flight  plan  for  which  checks  are  essential 
and  carefully  to  frame  rules  to  ensure  that  any  interested  party  can  base  his  check  word 
calculation  on  the  same  elements  of  the  text. 

The  flight  plan  is  not  the  only  message  to  which  this  technique  can  be  applicable. 

ATC  clearances,  which  frequently  require  manual  inputs  to  a  computer  by  pilots  and 
controllers,  may  also  lend  themselves  to  the  technique.  There  may  be  other  applications. 
To  explore  the  possibilities  will  require  an  international  and  interdisciplinary  study 
beyond  the  capability  of  the  present  author's  small  team. 

When  the  application  has  been  more  clearly  defined,  numerous  protocol  problems  will 
require  study.  It  may  be  found  that  not  all  users  of  a  particular  text  wish  to  store  the 
display  characters  in  the  same  format.  It  is  then  necessary  to  compute  the  check  word 
by  a  method  that  is  not  sensitive  to  the  layout  of  the  text  as  displayed  or  printed. 

This  may  involve,  for  example,  treating  any  mixture  of  "carriage  return"  and  "line  feed" 
characters  as  synonyms  for  "space".  Problems  also  arise  if  data  is  not  stored  as  a 
string  of  characters,  or  if  the  data  in  the  character  string  is  not  kept  up-to-date.  For 
example,  numerical  values  can  be  written  in  a  number  of  different  styles,  all  mathemati¬ 
cally  equivalent,  which  yield  different  check  words.  A  waypoint  may  be  given  as 
0010N00500W,  where  the  leading  zeros  in  both  latitude  and  longitude  serve  to  draw 
attention  to  any  confusion  between  latitude  and  longitude.  Within  a  computer,  the 
co-ordinates  could  well  be  broken  up  into  their  latitude  and  longitude  components,  the 
angles  being  expressed  as  degrees  and  fractions  of  degrees,  or  even  as  radians. 

Real  numbers,  ie  those  involving  some  fractional  part,  present  another  obvious 
problem.  Clearly,  if  two  systems  perform  their  calculations  to  different  levels  of 
precision,  difficulties  arise  if  a  check  word  is  used  to  determine  whether  two  numbers 
are  "Identical”.  It  will  be  necessary,  before  computing  the  check  word  to  round-off  any 
fraction  to  some  agreed  level  of  precision.  This  problem  is  common  when  attempting  to 
make  a  comparison  between  numbers  that  have  undergone  some  transformation  before  storage 
in  a  database,  eg  when  20  minutes  of  arc  has  become  0.33333...  degrees.  It  will  also  be 
necessary  for  users  to  agree  on  a  standard  method  of  expressing  numeric  quantities  as  a 
string  of  characters,  at  least  for  purposes  of  computing  the  check  word. 

It  may  be  argued  that  ICAO  (4)  has  standardised  number  formats  for  use  in  flight 
plans,  ATC  clearances,  etc,  to  the  point  where  the  above  differences  do  not  arise  in  the 
present  context.  Since  this  symposium  is  looking  to  the  future,  it  should  be  appreciated 
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that  we  may  face  higher  accuracy  navaids  combined  with  more  precise  flight  management 
systems,  and  ATC  systems  wishing  to  carry  out  more  detailed  planning.  One  way  or 
another,  these  are  likely  to  lead  to  a  demand  for  more  precise  specification  of  aircraft 
co-ordinates,  and  the  format  problem  may  then  raise  its  head. 

Figure  4  shows  a  small  sample  of  flight-plan  derived  data,  as  stored  in  an  ATC 
computer,  with  a  check  word  printed  under  each  plan. 


BA690  B737/C  420  EGLL  P1055  330  EGLL.URIN. . UG24N. . R23.EPWA 
RAEA 

BD774  SH36/C  205  EGLL  P1 105  060  EGLL.A1 . EGBB 
RIDD 

KM815  B737/C  420  EGKK  P1110  330  EGKK.UA1 . .UA3W. .UR16. .UR46. MEDAL. .TORLI. .RO 

TUN. . GIANO . . PAL. UA1 8 .LMML 
YJFF 

GAF1004  B707/C  468  TOLKA  P1 100  310  EDDK.UW39. .UB1 . .EGL.CYYR  :TACAN  TO  TOLKA 
NJPF 

BA84  5  BA11/C  370  LIFFY  P1 125  170  EIDW.B1.EGCC 
EYRU 

BA5445  BA11/C  400  EGNT  P1 130  230  EGNT. .POL.A1 .MID.A1E.LFPG 
OVGQ 

UK703  FK27/C  240  EGNM  P1 130  150  EGNM 
HOKO 

BA147  L101/C  494  EGLL  P1030  330  EGLL .UG1 . UB6 . . UB1 W. . UB5 . . UA4 . , VA4 . . VG8 . . VA1 6 . 

. VB1 5 . . W1 0 . . A2 1 . .R19. .B54.0KBK 
VIJC 

GB0AD  CONC/C  M200  EGLL  P1200  600  EGLL.  SWB2 . 5 1 07N/071 5W . . 51 1 0N/0645W. . 4920N/ 

0600W . . 4946N/0353W. . 5008N/0149W. . ASPEN .UR1 4 . .UR8 . .W38 .NORRY. . EGVN 
CMPR 


FIGURE  4. 


CONCLUSION 

It  was  not  intended  to  put  forward  a  paper  in  which  the  check  word  was  presented  as 
the  outcome  of  some  mysterious  process  known  only  to  the  author.  Thf  description  of  the 
algorithm  used  in  the  experiments  has  been  given  in  terms  that  were  meant  to  be  intel¬ 
ligible  to  readers  unfamiliar  with  number  theory.  A  better  qualified  mathematician, 
writing  for  similarly  qualified  readers,  could,  no  doubt,  have  produced  a  more  concise 
description. 

The  given  algorithm  is  not  the  only  means  of  generating  a  check  word,  and  better 
methods  may  present  themselves.  The  immediate  object  was  to  build  a  demonstrator  system 
which  might  provoke  discussion  of  the  possible  uses  of  this  technique  by  ATC. 

From  the  trials  so  far,  it  appears  that  the  check  word  generator  should  have  the 
following  properties: 

(1)  It  should  be  easy  to  implement  in  any  microprocessor  having  a  word  length  of  8  or 
more  bits. 

(2)  It  should  require  only  integer  arithmetic  in  the  processor,  thus  ensuring  that  the 
check  words  generated  are  independent  of  the  hardware  in  which  the  software  is 
resident. 

(3)  It  should  be  possible  to  determine  the  probability  that  an  error  of  a  given  type, 
eg  one  erroneous  character, .will  pass  undetected.  If  this  is  not  possible,  there 
must  be,  at  least,  a  known  upper  bound  on  the  possibility. 

(4)  The  probability,  as  determined  under  item  (3)  above,  must  be  acceptably  low. 

(5)  The  check  word  is  significantly  easier  to  remember  if  it  does  not  contain  more 
than  about  four  characters. 

The  present  phase  of  the  work  on  this  scheme  is  near  completion.  It  seems  very 
likely  that  a  reduction  in  the  frequency  of  errors  in  inserting  or  amending  flight  plans 
is  desirable.  The  question  is  how  desirable?  Having  more  precisely  defined  the  problems 
to  be  solved,  the  next  question  is  what  will  it  cost?  Neither  of  these  questions  can  be 
answered  by  a  small  team  working  in  isolation.  The  object  of  the  present  paper  was, 
hopefully,  to  encourage  discussion  of,  at  least,  the  first  of  these  questions. 
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/  SUMMARY 

This  paper  considers  the  need  to  explore  the  approach  of  Intelligent  Knowledge  Based 
Systems  (IKBS)  towards  meeting  the  pressures  for  change  in  future  Air  Traffic  Control 
Systems.  The  discussion  includes  the  role  of  automation  in  ATC  and  the  suitability  of 
IKBS  within  a  shared  approach  between  controller  and  machine.  Areas  selected  to 
provide  practical  experience  of  IKBS  applied  to  ATC  include  Air  Traffic  Flow 
Management,  Conflict  Resolution  and  Training.  ^FinairtyT’  guideline  concepts  for  the 
introduction  of  a  new  technology  to  ATC  are  outlined. 

1.  Introduction 


There  is  now  increasingly  worldwide  interest  in  Artificial  Intelligence  (AI),  with 
the  Japanese  5th  generation  project,  the  European  ESPRIT  project.  United  States 
programmes  supported  by  the  Department  of  Defense,  the  Federal  Aviation  Authority, 
NASA,  and  the  United  Kingdom  Alvey  programme.  Interest  in  a  subset  of  AI  - 
Intelligent  Knowledge  Based  Systems  (IKBS)  -  within  the  United  Kingdom  Civil 
Aviation  Authority,  has  been  fostered  by  the  Chief  Scientist  who  in  1985,  placed 
two  IKBS  study  contracts  with  Industry  ll), l 2).  These  studies  investigated 
potential  applications  of  IKBS  to  Air  Traffic  Control  (ATC);  this  paper  includes 
the  findings  and  strategies  developed  from  these  studies  for  gaining  experience  of 
concepts  and  for  the  introduction  of  IKBS  technology. 

Additionally,  the  Civil  Aviation  Authority  sponsors  a  programme  in  Air  Traffic 
Systems  research,  including  IKBS,  at  the  Royal  Signals  and  Radar  Establishment, 
Malvern,  and  in  human  factors  at  the  RAF  Institute  of  Aviation  Medicine. 

The  paper  examines  the  UK  Air  Traffic  System  for  potential  applications;  there 
are,  however,  conclusions  drawn  which  relate  to  ATC  in  general.  On  an  even  wider 
scale  the  implications  of  introducing  a  new  technology  are  considered,  where 
issues  of  safety,  expedition  and  human  factors  interaction  are  paramount. 

2 .  Air  Traffic  Services  Within  the  United  Kingdom 
ATC  Centres 


Air  Traffic  Control,  Advisory  and  Information  Services  within  United  Kingdom 
airspace  are  divided  into  the  London  and  Scottish  Flight  Information  Regions, 
(FIRs).  Within  the  FIRs  airspace  is  controlled  from  the  London  Air  Traffic 
Control  Centre,  LATCC ,  West  Drayton  with  a  subcentre  at  Manchester,  from  the 
Scottish  ATC  Centre,  ScATCC,  and  the  Oceanic  Area  Control  Centre  OACC  both  at 
Prestwick . 

The  Civil  Operations  Room  at  LATCC  has  control  suites  for  each  sector  of  airspace 
and  the  north  and  south  London  TMA,  and  the  Air  Traffic  Flow  Management  Suite, 
incorporating  Departure  Flow  Regulation  and  the  Expected  Approach  Time  Unit. 
Military  Operations  are  conducted  separately  but  co-ordinated  where  necessary  at 
the  London  ATCC. 

Airports  and  Aerodromes 

The  United  Kingdom  National  Air  Traffic  Services  provides  ATS  for  all  British 
Airports  Authority  airports,  also  at  some  local  authority  airports  and  at  all  the 
Scottish  aerodromes.  Each  airport  provides  aerodrome  control  and  approach  control 
services  which  include  ground  movement  planning,  ground  movement  control,  alerting 
service  and  flight  information  services. 

Pressures  for  Change 

Pressures  for. change  aimed  at  improving  the  air  traffic  control  system  are  listed 
in  Figure  1. 

The  increasing  demand  for  air  travel  continues,  despite  fluctuations  caused  by 
economic  and  political  factors.  This  increase  is  fundamental  to  initiatives 
directed  at  improving  the  air  traffic  control  system.  A  recent  estimate  of  the 
forecast  increase  in  the  number  of  passenger  Air  Transport  Movements  through  the 
British  Airports  Authority  airports  is  shown  in  Fig  213).  This  shows  a  steady 
increase  with  a  mean  expectancy  of  25%  growth  by  1995  and  55%  by  the  year  2000. 
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Continued  expansion  in  the  variety  of  aircraft  also  has  najor  implications  for  ATC 
with  increasing  numbers  of  "low  and  slow"  public  transport  traffic. 

Airfield  capacity  studies  14]  for  the  London  TMA  show  that  the  limitations  are  in 
the  amount  of  “concrete",  and  runway  configuration  as  well  as  by  vortex  wake 
separations  and  environmental  factors. 

The  capability  of  the  existing  ATC  system  to  deal  with  such  increased  pressures  is 
limited  and  requires  new  methods  of  control. 

Further  pressure  for  change  comes  from  the  airlines  which  are  investing  in 
aircraft  with  sophisticated  navigation,  flight  management  and  collision  avoidance 
systems.  There  is  also  a  view  that  investment  and  application  of  technology  for 
the  ground  control  environment  is  lagging  significantly  behind  that  on  the  flight 
deck . 

3 .  Current  Considerations 


Developments  in  civil  aviation  take  place  reasonably  slowly  and  long  timescales 
are  to  be  expected.  Major  changes  in  ATC  can  only  be  achieved  through  an 
incremental  approach  while  maintaining  safety  and  continuity  of  service  at  all 
times.  It  is  the  requirement  for  a  longer  term  view  which  makes  it  necessary  to 
consider  supportive  research  and  planning  now  for  possible  implementation  in  the 
years  beyond  1995. 

IKBS  has  a  relatively  long  history,  almost  as  long  as  data  processing  itself,  with 
early  attempts  starting  in  the  1960‘s  in  University  research  departments.  At  that 
time  processing  hardware  was  far  from  being  sufficiently  powerful  to  support 
significant  applications,  and  the  subject  remained  largely  academic  until  the  late 
1970's.  Several  significant  Artificial  Intelligence  systems  then  began  to  emerge 
with  commercial  exploitation  developing  momentum  in  the  early  1980' s.  Currently 
there  is  much  interest  in  both  military  and  civil  areas,  including  ATC,  (51,(6]  in 
the  anticipation  of  much  more  powerful  computers  becoming  available. 

It  is  by  no  means  certain  that  many  of  the  claims  made  for  IKBS  will  be  fulfilled 
in  the  near  future,  if  at  all,  and  it  is  likely  that  there  is  an  undue  degree  of 
optimism  in  many  recent  statements  (71.  It  is  therefore  necessary  to  explore  the 
possibilities  carefully  within  a  research  or  prototype  development  environment. 

Dominant  considerations  when  introducing  a  new  technology  to  ATC  are  listed  in 
Fig  3.  The  introduction  of  any  new  technology  must  maintain  and,  if  possible, 
enhance  safety  features.  Secondly,  the  CAA,  supported  by  UK  airline  interests, 
currently  believes  in  ground-based  control.  In  the  1960's,  prior  to  the  FAA  large 
commitment  to  a  ground-based  control  philosophy,  there  was  active  exploration  of 
an  air-based  system  with  the  belief  that  only  such  a  system  would  meet  the 
capacity  demand  in  air  traffic.  This  movement  did  not  succeed  and  the  FAA 
confirmed  its  belief  in  a  ground-based  control  philosophy.  Another  well 
established  UK  view  is  to  adopt  an  integrated  human-machine  system,  as  distinct 
from  either  manual  control  or  full  automation.  The  US  shared  control  concept  is 
similar  to  this.  Additionally  the  UK  has  to  consider  the  interaction  with 
continental  neighbours.  Finally,  the  UK  is  also  a  member  State  of  Eurocontrol  and 
of  ICAO;  developments  in  aviation  and  avionics  affect  all  ATC  authorities. 

4.  Computer  Assistance  and  its  Limitations 

There  already  exists  a  significant  amount  of  computer  assistance  within  the 
‘manual*  Air  Traffic  Control  System.  Examples  of  present  and  planned  assistance  in 
the  UK  are  given  in  Fig  4.  The  role  of  automation  in  ATC,  however,  requires 
examination. 

Potentially,  there  exists  a  continuum  between  the  completely  manual  system  and  a 
theoretically  possible  completely  automatic  system.  Pressures  to  increase 
automation  are  manifold.  With  present  traffic  levels,  the  area  and  volume  of 
traffic  which  a  controller  can  handle  are  governed  by  his  communications  load  and 
by  the  limitations  on  his  span  of  comprehension,  his  ability  to  keep  track  of  a 
complex  situation,  and  to  integrate  information  from  a  wide  variety  of  sources,  as 
in  Fig  5.  It  is  not  possible  to  overcome  these  limitations  by  continually 
subdividing  the  airspace  into  smaller  sectors  since  each  new  sector  boundary 
increases  the  communications  load  substantially.  Some  communications  problems 
between  sectors  could  be  aided  by  establishing  an  automatically  updated  flight 
plan  data  base  while  sector  team  restructuring  could  also  improve  co-ordination. 

Complete  automation  of  controller  functions  would  appear  to  remove  the  problem  of 
human  error,  but  in  reality  this  is  simply  a  transfer  of  error  origin  to  the 
systems  designer  and  to  the  software.  While  the  controller  is  directly  and 
consciously  accountable  for  his  actions,  is  highly  motivated  and  can  take 
immediate  action  in  a  crisis,  ATC  is  a  secondary  area  of  expertise  to  the  system 
designer  who  is  not  directly  in  the  control  loop  and  so  would  be  unable  to  sake  a 
direct  reeponse  should  a  crisis  occur.  Unfortunately  experiences  in  the  nuclear 
industry  have  made  us  all  too  aware  that  we  cannot  design  error  free  systems  or 
even  identify  all  possible  error  conditions. 


Increasingly,  it  has  been  acknowledged  that  some  compromise  to  additional 
automation  is  necessary  18],  (91.  There  are  at  least  three  approaches  to  the 
introduction  of  automation.  Initially,  attempts  were  made  to  assign  tasks  to  man 
and  machine  on  the  basis  of  their  respective  strengths.  Recently  the  increasing 
capability  of  technology  has  allowed  it  the  potential  to  assume  more  of  these 
tasks.  If  the  technology  is  exploited  then  man  becomes  reduced,  initially,  to  a 
supervisor  of  the  system's  behaviour,  and  as  more  planning  and  strategic 
functions  become  possible  (perhaps  through  IKBS),  finally  to  a  monitor  with 
nothing  to  do  until  a  crisis  occurs.  Concern  about  the  man's  ability  to 
intervene  in  such  circumstances  has  been  expressed  in  ATC  and  in  the  aircraft  - 
cockpit  where  similar  problems  are  evident. 

As  processing  power  has  become  cheaper,  manpower  costs  have  become  a 
consideration.  However,  when  safety  is  involved,  other  cost  criteria  have  to  be 
considered.  Hopkin,  [10],  has  pointed  out  that  with  this  decrease  in  computing 
cost,  it  is  no  longer  prohibitive  to  allow  both  the  man  and  machine  to  perform 
tasks  in  parallel  with  more  fluid  switching  between  them.  Despite  the  problems 
in  ensuring  consistency  of  control  in  such  circumstances,  there  are  advantages  in 
that  two  such  different  methods  of  problem  solving,  through  two  different 
processing  media,  provide  a  very  powerful  error  checking  method. 

A  second  approach  to  the  role  of  automation  is  envisaged  by  this  parallel 
function:  the  'electronic  cocoon’  concept  (11)  currently  being  considered  in 
the  US  for  the  flight  deck.  The  pilot  flies  the  aircraft  within  his  cocoon  which 
is  constantly  monitoring  all  the  details  of  the  aircraft's  progress. 

Intervention  only  comes  from  the  system  when  it  decides  that  the  pilot  has  made 
an  oversight  or  has  not  become  aware  of  some  emerging  situation.  This  method  has 
the  advantage  of  retaining  all  the  pilot's  existing  skills,  providing  him  with  a 
satisfying  job,  and  keeping  him  deeply  involved  in  the  situation  which  may  be 
vital  if  his  perception  and  improvisational  abilities  are  required.  The  system 
may  however  have  difficulties  in  recognizing  that  the  pilot  is  already  resolving 
a  crisis  especially  if  a  novel  solution  is  required. 

A  third  approach  to  the  role  of  automation,  and  the  current  mainstream,  is 
represented  by  work  within  the  CAA  and  elsewhere,  which  moves  the  emphasis  away 
from  tactical  ATC  and  towards  strategic  and  planning  functions.  In  essence  this 
shifts  the  limitations  on  the  controller's  comprehension  by  shifting  the  level  of 
description  upwards  to  a  more  global  level  where  fewer  concepts  and  objects 
describe  the  same  situation.  This  approach  uses  automation  to  filter  the  data  and 
present  it  to  the  controller  in  different  ways.  It  may  have  advantages  in  that 
the  individual  controller  can  deal  with  a  larger  area  in  a  more  efficient  way,  and 
it  retains  involvement,  motivation  and  responsibility  in  the  hands  of  the 
individual  but  it  does  create  a  new  task  which  may  require  new  skills. 

Anticipating  the  nature  of  these  skills,  their  consequences  for  a  smooth 
transition  for  retraining  and  for  the  selection  of  personnel,  may  present 
significant  problems. 

In  summary,  total  automation  is  unlikely  to  be  feasible,  or  acceptable  in  the 
foreseable  future.  There  are  a  number  of  approaches  to  partial  automation  some  of 
which  are  suspect  because  of  difficulties  in  keeping  the  controller  actively 
involved,  but  all  of  which  require  a  great  deal  more  exploration  and 
consideration.  The  next  section  considers  the  suitability  of  IKBS  in  such  a  role. 

Properties  of  Intelligent  Knowledge  Based  Systems  (IKBS) 

Until  recently  computers  have  been  usefully  applied  in  areas  where  human 
capabilities  are  limited,  ie  in  high  speed  calculations  and  in  storing  and 
retrieving  large  volumes  of  data.  The  computers  run  algorithmic  programs  - 
completely  defined,  step-by-step  procedures  for  solving  problems. 

IKBS  have  demonstrated  their  special  potential  in  several  application  areas  such 
as  medical  diagnosis,  structural  chemistry,  and  genetics.  In  each  of  these 
applications  computer  programs  were  developed  which  were  capable  of  performing 
tasks  which  would  normally  be  described  as  requiring  the  application  of  human 
knowledge  or  experience. 

IKBS  may  have  many  conventional  computing  components  but  are  unique  in  the  way 
they  can  draw  conclusions  from  a  store  of  task  specific  knowledge.  This 
knowledge  consists  of  rules  and  concepts  similar  to  those  used  by  specialists 
When  they  make  decisions  in  their  field  of  expertise.  An  example  of  expert 
system  rules  is  shown  in  Pig  6.  IKBS  encode  knowledge  directly  in  a  symbolic, 
ie  non-numerical ,  form,  and  draw  conclusions  principally  through  logical 
inference,  not  by  numerical  calculation.  In  this  way  IKBS  are  not  restricted  to 
a  pre-defined  decision  path;  they  can  choose  from  alternatives  in  their  search 
for  a  conclusion.  They  can  weigh  facts  and  assumptions,  and  in  a  sense,  make 
choices  appropriate  for  each  problem  presented  to  them. 

IKBS  can  also  organize  knowledge  of  classification  systems  or  the  relationships 
between  real  objects.  One  of  their  most  significant  features  is  the  display,  on 
request,  of  their  line  of  reasoning;  thus  the  user  can  ex'aaine  the  suitability 
of  the  computer's  decision  process.  The  potential  for  better  forms  of  computer 
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assistance  by  improving  the  relationship  between  the  controller  and  the  computer 
is  considerable  since  familiar  techniques  for  problem  solving  can  often  be 
incorporated  in  the  proqraa. 

A  pre-requisite  for  building  and  maintaining  an  IKB8  is  the  huaan  expert  or 
specialist  in  the  do sain  of  interest.  The  success  of  the  IKBS  depends  on  how 
well  it  captures  not  only  "textbook*  knowledge  but  also  the  "heuristics*  of  huaan 
experts,  ie,  informal  rules,  and  "rules  of  thumb*  based  upon  experience,  together 
with  methods  for  dealing  with  uncertain  information  and  ill-defined  or  multiple 
goals  and  constraints.  All  of  this  information  makes  up  the  "knowledge  base*  on 
which  the  "inference  reasoning  mechanism*  operates.  Often  acquisitioning  such 
information  is  the  bottleneck  in  building  an  IKBS. 

It  is  most  important  that  the  human  expert,  the  controller,  should  be  able  to 
obtain  explanations  of  the  IKBS  behaviour  on  demand  and  to  help  improve  the 
system  interactively  in  the  light  of  operational  results.  It  is  therefore 
essential  that  the  knowledge  is  represented  explicitly  in  the  program  code.  This 
is  a  major  difference  between  IKBS  programs  and  more  'conventional*  computer 
programs.  Conventional  programs  usually  contain  information  that  can  be 
described  as  "knowledge",  but  this  knowledge  is  distributed  throughout  the 
program  and  is,  therefore,  not  recognisable  or  accessible  to  anyone  other  than 
the  programmer. 

Where  conventional  computing  systems  are  starting  to  reach  their  limits.  IKBS  can 
provide  extra  capabilities  such  as  deductive  reasoning  and  data  organisation 
which  simplify  some  parts  of  system  building.  Consequently  IKBS  can  be  regarded 
as  using  very  high  level  languages  which  describe  problems  in  a  more  readily 
understandable  form,  and  may  provide  solutions  which  are  less  optimal  than 
mathematical  solutions,  but  generally  much  easier  to  understand. 

6.  Application  Areas  for  IKBS 

Over  the  past  20  years  many  potential  applications  for  computing  have  been  found 
in  ATC  but  have  been  limited  by  technology.  Prom  this  experience  and  from  a 
requirement  to  identify  potential  IKBS  growth  areas  which  can  remain  separate 
from  the  planned  implementation  programmes,  and  still  have  a  reasonably  high 
chance  of  successful  implementation  in  the  longer  term,  several  Operational 
Support  and  Off-line  examples  have  been  selected  for  further  study. 

During  the  selection  process  a  wide  range  of  applications  was  considered.  These 
applications  covered  both  specific  tasks  such  as  arrivals  sequencing  and 
metering,  departure  flow  regulation  and  control,  clearances,  conflict  detection 
and  resolution,  emergency  situations,  radar  monitoring,  and  general  tasks  such  as 
a  Controller  Help  Interface,  Airspace  Structure  and  Procedure  Expert,  and* 
Training. 

The  particular  examples  selected  for  further  study  are: 

Air  Traffic  Plow  Management 

Conflict  Resolution 

Departure  Plow  Regulation 

Ground  Movements  Planning  and  Control 

Training 

Maintenance 

Of  these.  Air  Traffic  Plow  Management,  Conflict  Resolution  and  Training  are  being 
actively  pursued. 

Air  Traffic  Plow  Management  is  concerned  with  the  means  and  measures  to  improve 
the  flow  of  Air  Traffic.  On  a  local  or  regional  basis  this  includes  obtaining 
air  traffic  demand  data  and  available  route  information.  Strategically  this  is 
being  done  through  the  Eurocontrol  Central  Data  Bank.  However  tactical  rerouting 
is  common  and  an  IKBS  approach  towards  studying  this  aspect  would  examine  the 
expertise  necessary  for  this  task.  A  natural  longer  tern  extension  to  ATPM  would 
be  to  include  the  airfield  aspects  of  Ground  Movement  Planning.  This  is  largely 
rule-based  and  therefore  possibly  amenable  to  an  Expert  Systems  approach.  Ground 
Movement  Control,  which  relies  on  knowledge  of  actual  aircraft  positions,  would 
be  a  still  longer  term  extension  to  this  work  as  shown  in  Pig  7. 

Conflict  Resolution  is  already  the  subject  of  examination  for  IKBS  application, 
as  in  the  Mitre  AIRPAC  System  [61,  and  is  of  interest.  It  is  realised  that  the 
required  knowledge  base  for  this  application  would  be  large  and  complex . 

Training  is  an  expensive  and  time  consuming  function  in  ATC,  taking  place 
initially  within  a  College  and  later  under  considerable  experienced  supervision 
in  the  operational  environment.  Application  of  Intelligent  Computer  Based 
Instruction  techniques,  initially  within  a  College  environment,  could  lead  to  an 
IKBS  approach  within  the  operational  environment  through  the  use  of  simulation. 

Other  areas,  such  as  maintenance,  have  potential  ATC  applications  but  are  common 
to  a  variety  of  users  and  are  expected  to  be  developed  independently  by  them. 
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7 .  IKM  as  an  Exaaola  of  the  Introduction  of  a  Maw  Technology 

The  Min  tit  of  the  CAA  ptoftiM*  ia  to  gain  practical  asparianca  of  IKM  applied 
to  ATC .  This  asparianca  could  eventually  provide  inforMtion  as  a  basis  for  coat- 
benefit  analysis. 

ideally  it  should  bo  possible  to  select  IKM  application  araaa  according  to  their 
suitability  within  an  overall  syatea  fraaework.  This  has  been  described  in 
control  aystea  teras,  l 21.  and  shown  in  Pig  8.  This  fraaework  distinguishes  the 
needs  for  hinu  resources  and  for  supporting  technology,  with  the  controller's 
function  at  the  intersection  of  the  respective  control  loops.  Cycle  tiaes  of 
several  years  for  both  loops  are  to  be  eapected.  The  controller's  function  has 
been  expanded  in  Pig  9  to  indicate  the  knowledge  categories  reguiredt  rule-based, 
such  as  ATC  procedural  knowledge  (12)>  control  and  background  asperience. 

In  practice,  however,  when  introducing  a  naw  technology  to  a  large  organisation, 
other  aspects  arise  froa  the  different  perspectives  of  its  coaponents,  eg 
operational,  technology  and  research  araas.  Sobs  guideline  concepts  eaerget 

1.  the  selected  prograaM  should  be  within  a  research  or  emulation 
environaent , 

2.  high  visibility  growth  areas  should  be  selected,  if  poseible  leading  to  a 
sequence  of  applications, 

3.  the  progrsaae  should  take  into  account  current  and  planned  developaent 
progresses, 

4.  the  progrsaae  should  consider  the  iaplications  of  systea  integrity. 

Siaulation  has  an  iaportant  role  in  sany  areas  of  ATC,  and  this  will  continue  to 
be  the  case  with  the  introduction  of  newer  systeas  such  as  IKB8.  This  is 
particularly  so  for  applications  close  to  the  operational  environaent. 

For  successful  lapleaentat ion  in  the  long  tera,  it  is  iaportant  to  select  seed- 
point  or  growth  application  areas  for  investigation.  These  My  fall  within  the 
description  of  'on-line',  related  to  operational  control  and  operational  support, 
or  'off-line',  with  no  iaaediate  effect  on  the  operational  systea. 

The  difficulties  currently  being  acknowledged  of  introducing  a  newer  technology. 
(131,  My  becoM  particularly  acute  in  a  large  interacting  systea  which  is 
undergoing  continuous,  planned  developaent  and  iapleMntation  progr eases.  It  is 
then  necessary  to  Mintain  an  independent  research  study  prograaM  parallel  to 
utiliMtion  and  iapleMntation  prograaMS  as  shown  in  Fig  10.  Within  this  thru 
track  approach,  the  research  prograaM  should  be  relatively  advanced,  relased 
froa  constraints  and  aabitious  with  not  all  of  its  products  expected  to  reach 
iapleMntation.  The  utilisation  prograaM  draws  on  the  opportunities  and 
approaches  as  offered  by  research.  It  is  therefore  iaportant  to  have  operational 
staff  not  only  identifying  suitable  ways  of  utilising  research,  but  also  taking 
an  active  role  in  the  research  and  developMnt  stages  of  the  systea.  With  a 
central  utilisation  prograaM,  the  current  and  planned  iapleMntation  prograaMs 
should  be  able  to  proceed  in  an  evolutionary  way. 

Systea  integrity  and  related  fallback  aodes  sssum  an  iaportant  role  in  any 
systea.  With  1K8S,  the  inforMtion  available  to  the  Air  Traffic  Controller  aust 
at  all  tiaes  be  understood.  Just  as  the  reasons  underlying  any  decision  on  the 
part  of  the  IKBS  aust  be  clear,  it  is  vital  to  have  a  clear  explanation  and 
situation  description  in  any  fallback  or  reversionary  failure  aode.  Slailarly 
with  the  use  of  IKBS  in  the  wider  context  of  a  total  Air  Traffic  ManageMnt 
systea,  with  the  uh  of  IKBS  in  aircraft  and  in  aultiple  ATC  Centres  it  is  vital 
to  co-ordinate  etrategies  towards  resolving  a  coaaon  situation. 
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At  the  «a 4  of  a  (oar-day  Coofaroaca,  aa  aat  for  a  final,  plaaaaot  aod  hopefully  fruitful  discussion,  ulth 
the  ala  of  drawing  coaclualoaa,  calling  tba  attaatloa  of  the  appropriate  Author  It laa  to  apaclflc  optlooa 

and  possibly  esproealag  laplaanatatloe,  development  or  study  recommendations. 

It  aoald  certainly  kava  kaaa  too  aakltloua  to  ravlaa  all  tka  ltaaa  praaontad  during  tha  Coofaroaca,  aloe a 
tka  prograaaa  c  ova  rad  a  aide  field  of  activities.  Tha  roudd-tabla  dlacuaaloo  aaa  accordingly  Halted  to  a 
faa  aa  lac  ted  topic*.  Of  courea,  theea  aay  not  prove  to  he  tha  aoat  critical  oaaa,  but  they  at  laaat, 
appear  eo  today  ukeo  aaaa  agatoat  tha  background  of  our  praaant  knowledge. 

On  behalf  of  tka  Prograaaa  Coaalttea,  appreciation  eae  aapreaaed  to  all  who  attaadad.  We  thanked  tha 
dolagatea  who  contributed  to  thla  laat  aaaaloa  and,  in  particular,  tkoaa  who  agreed  to  praaant  thalr  vlewe 
on  relevant  laauea, 

Victor  Vechlbry  had  already  defined  tha  broad  ilnea  of  an  air  traffic  aarvlcaa  concept  aultabla  for  the 
year  2000  and  beyond,  but  agreed  to  euaaarlae  tha  aain  characteristic*  of  the  ayatea  he  had  described- 

Reference  wae  aade  to  varloua  veraiona  of  the  Plight  Hanaaamant  Syatan  in  the  courae  of  the  Conference, 
A  apeclal  aaaaloa  Included  eevaral  preaentat Iona  on  tke  subject.  iVle  conatltutea  a  good  eaanple  of  an 
area  la  which  It  la  highly  dealrabla  to  atraagthan  co-operation  between  the  air  traffic  aarvlcaa,  the 
aircraft  aanufacturere  and  oparatora  and  avioalca  dealgaara.  Our  eaperleace  ladlcatee  that  the  (IIS  could 
and  ahould  be  uaed  to  optlnlae  the  e e-route  (crulae  and  descent )  phaae  guided  by  apeed  and/or  tine  dlrac- 
t lean  f ran  the  ground,  by  contraat,  iu  advanced  eateoded  terminal  areaa.  It  would  probably  be  nore  advan- 
tagaoua  to  conduct  the  final  phaae  la  accordance  with  ground  dlractlvna  without  ualag  thla  facility 
uaieea,  perhape.  It  la  properly  configured  for  1-0  navigation. 

When  looking  to  the  future  during  the  ftrat  aeaaloa,  two  authore,  Olivier  Carol  and  Slgbert  Porltaky,  had 
dlacueeed  the  advent  of  future  navigation  systems,  In  particular  the  uae  of  satellites  for  civil  aviation. 
During  tka  round-table  dlacuealoa  Olivier  Caret  commented  further  on  the  conplanentarlty,  compatibility 
and  redundancy  aapecta  of  both  the  Mode  S  and  the  uae  of  aatallltea  development  project*.  Since  thla 
embraced  the  *  pace— baaed  multifunction  radar  aytama,  Paequale  Hurl no  also  presented  hla  vlewa  on  the 
leeue. 

The  promotion  of  automation  la  alt  traffic  aarvlcaa  haa,  for  a  long  time,  been  received  with  nixed 
(callage.  On  the  one  head,  tka  eaglaeera  advocate  It*  narlta  In  term*  of  efficiency,  productivity,  eco¬ 
nomy  and  aafety.  While  oa  the  other,  controller*  are  not  neceaaarlly  convinced  that  automation  will 
Improve  their  prefeaatonal  altuatloa,  although,  aa  with  many  aapecta  of  life,  there  are  Indication*  that 
yonmger  and  older  generation*  aay  have  dlffornat  attitude*  on  thla  laaue.  The  phlloeophy  of  the  federal 
Aviation  Admlnlatratlon  (USA)  on  automation  we*  explained  at  thla  meeting,  aa  wall  a*  the  atatua  of 
progroa*.  It  we*  lateroatlag  to  hear  the  comment*  axpraaaod  by  La*  Holcombe  aod  banned  flax,  who  ware 
net  directly  aaeoclaced  with  the  preaentat Iona, 

The  oe-llne  organisation  and  aubaaaaaat  control  of  flight*  Inbound  to  a  nedlu  to  hlgh-denalty  traffic 
terminal  haa  been  the  tub  tact  of  great  latereat  for  over  l!  year*.  Tuel  Advlaory  felrectlvea*  a*  wall  aa 
niatarlag  • ad  Spacing*  teebaidea*  Introduced  la  tha  United  State*  by  tba  Padaral  Aviation  Admlnlatratlon 
coaatltuted  preliminary  attempt*  to  raduca  the  economic  penalty  raaul ting  from  stacking  procedures .  The 
situation  remains  critical  (la  tarn*  of  delaya,  fuel  consumption,  economy  aod  landing  capacity),  but  the 
related  problem*  have  recently  been  approached  In  a  ayatoawtlc  aannor. 

Daring  tka  Ceaforoece,  fear  papers  ear a  devoted  to  the  subject,  two  originating  froa  the  United  State* 
(■ASA  Langley  taeaarch  Caster,  Hamptoa,  Virginia  aad  RASA  Area  Sasearch  Canter,  Moffat  Plaid,  California) 
sad  tee  (ran  Europe  (on*  from  the  OPVLA,  laetltut  far  PlugfUhrung,  Braunschweig,  Germany ,  tha  other  being 
pceeeated  Jointly  by  HBOCMPTNX.  aad  the  Belgian  Air  Traffic  Control  Authorities),  Bach  of  these  four 
contribution*  had  aemathlag  orlglaal  to  say.  All  tha  authors  stressed  the  new  role  of  tha  human 
central 1st  la  a  system  which  automatically  defines  tha  bast  arrival  landing  sequence ,  but  at  that  point 
Idee*  diverged.  Dr,  Winter  (DTVLB,  Braunschweig,  PhC)  felt  strongly  that  the  Implementation  of  tbs 
landing  plea  should  be  aaiatalaad  aa  aa  essential  task  of  the  controller.  By  contrast,  tha  EUBOCOWTBOL 
approach  uae  lacaadmd  t*  provide  the  human  controller  with  accurate  guidance  directives  for  each  Indivi¬ 
dual  aircraft  from  entry  to  tench  dona,  tha  attention  of  the  controller  being  kapt  throughout  the  flight. 
Thla  laat  feet Ion  was  domenetrated  daring  tha  Conference  at  Brussels  Hattoaal  Airport  (by  EUIOCOPTBOL 
staff,  Belgian  Air  Traffic  Cant  rollers  sad  BAKU  cram)  aad  those  of  you  who  attended  tha  demonstration 
earn  able  ts  ebeerva  the  friendly  relatleaekip  between  the  coaputer,  tha  controller  aad  the  pilot. 

Clearly,  these  devalopmaat*  will  lead  to  an  appreciable  change  In  the  role  of  the  hunen  controller,  a 
change  that  will  be  for  the  best,  v*  bellow*,  although  It  Is  still  perhaps  too  early  to  for****  all  the 
lapl lent Iona, 
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During  th«  Conference,  Stewart  Nlcol  had  daacrlbed  In  a  lucid  and  llvaly  nanncr  the  application  of 
intelligent  knowledge  baaed  ere tana  to  air  traffic  control.  At  flrat  eight.  It  appeared  that  all  the 
appllcatlone  nentlonad  ralatad  to  actlona  or  functlona  located  appreciably  upatreaa  when  referred  to  the 
apace/tlae  Jurisdiction  of  the  controller.  What  was  the  potential  of  such  techniques  for  solving  on-line 
probleaa?  Might  this  be,  for  Instance,  the  definition  of  a  *-D  conflict-free  trajectory  for  each  flight 
entering  an  extended  area  or  In  other  words,  the  on-line  autoMtlc  resolution  of  conflicts  In  a  highly 
reliable  me nne r ?  Stewart  Nlcol  coaMnted  further  on  this  and  similar  aspects  at  the  round-table 
discussion.  In  relation  to  automation  In  general,  Stan  Ratcliffs  considered  the  use  of  knowledge-based 
systems  for  keeping  the  software  operational  despite  frequent  ATC  modifications. 

In  the  history  of  aviation  In  general,  and  air  traffic  control  In  particular,  many  examples  exist  of 
research  Initiated  by  the  military  leading  subsequently  to  products  currently  used,  at  times  jointly,  by 
both  the  military  and  the  civilian  communities.  Air/ground/alr  digital  communications  and  the  Global 
Positioning  SystM  My  fall  Into  this  category  In  the  future.  Throughout  the  Conference,  the  co-operation 
between  the  two  communities  was  raMrkable  at  all  levels  -  preparation,  logistics,  participation,  respon¬ 
sibilities  -  which  we  My  hope  was  a  reflection  of  the  actual  operational  situation.  Geoffrey  Howell  of¬ 
fered  his  views  on  mllltary/clvll  coordination,  with  particular  reference  to  military  requlrcMnts. 
Subsequently,  Jean  Coupes  described  different  ways  of  ensuring  proper  coordination  between  military  and 
civilian  ATC  centres. 

As  was  frequently  clear  during  the  course  of  the  Conference,  It  Is  a  difficult  task  to  foresee  the 
Mrlts  of  a  future  component  or  of  a  new  systM.  It  Is  even  more  difficult  to  appreciate  the  advantages 
which  should,  could  or  might  result  from  particular  Innovations,  especially  when  quantitative  beneflt-to- 
cost  ratio  estlMtes  are  expected.  Adequate  tools  are  accordingly  required  to  assess  theoretical  projec- 
t Iona.  Georges  Malgnan  outlined  his  views  on  the  necessary  evolution  of  simulation  If  It  was  to  provide 
efficient  assistance  to  the  Air  Traffic  Services  authorities. 

What  will  the  role  of  the  human  controller  be  In  the  next  generation  of  air  traffic  systems!  This 
question  was  repeatedly  aekeJ  explicitly,  or  Implicitly  throughout  the  Conference.  David  Hopkln  who  has 
devoted  an  appreciable  part  of  his  life  to  tha  un/Mchlne  relationship  concluded  the  round  table 
discussion  on  this  human  note. 


Victor  Vachldry 

Anclen  (live  da  l'Ecole  Poly technique,  Paris,  France 
Direction  Technique,  EUROCONTROL,  Bruxelles,  Belgique 


The  future  Air  traffic  HanagaMnt  system  will  offer  an  Increase  In  capacity  and  minimum  constraints  on 
the  economy  of  flight  operations.  It  la  Mlnly  by  augMatlng  the  role  of  autoMted  assistance  In  the 
decision-making  process  that  this  will  be  Mde  feasible. 

The  ground  systM  will  require  accurate  Input  data  and  will  have  to  provide  the  controller  with  efficient 
and  acceptable  automated  functions* 

Input  data 


The  key  to  a  significant  Improvement  of  ATM  Is  the  ImpleMotatloo  of  an  Air/ Ground /Air  data  link.  This  la 
the  only  My  to  beMflt  on  the  one  hand  from  an  accurate  navigation  systM,  and  on  the  other  from  the  abi¬ 
lity  of  the  aircraft  to  adhere  strictly  to  a  predefined  4-D  profile. 

Furthermore  It  will  allow  the  ground  to  obtain  actual  Intonation  on  the  state  vector  of  the  aircraft  and 
on  other  essential  data  such  as  the  actual  MIT  conditions.  Finally,  the  data  link  will  be  the  support  for 
establishing  tha  necessary  dialogue  between  the  air  and  tha  ground  In  order  to  select  and  follow  the  opti¬ 
mal  flight  profile. 

Automated  functions 


The  need  to  IncrMse  autoMted  assistance  In  the  decision  Mklng  process  raises  laMdlate  concern  with 
regard  to  reliability,  systM  Integrity,  systM  fault  tolerance  and  nan/Mchine  relationship  (husan 
factors). 


In  addition,  all  Individual  functions  must  be  considered  and  checked  out  In  a  systM  context.  This  points 
to  the  reqalroMat  for  test  facilities  which  constitute  an  adequate  representation  of  the  total  systM 
(AlrborM  and  Ground  sides). 

It  mast  also  be  borne  la  mind  that  ATM  will  have  to  face  a  mixed  environment  as  far  as  airborne  equipment 
eapabllltlM  are  concerned. 

It  la  obvious  that  future  developments  la  the  ATM  field  must  antall  close  cooperation  between  aircraft  and 
avlMlcs  Moufactarers,  aircraft  operators,  and  the  authorities  responsible  for  Air  Traffic  ManageMnt. 
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Olivier  Cerel 

Anclen  Clive  de  l'Ccole  Poljr technique.  Peris,  France 
Service  Technique  de  la  Navigation  Atrlenne,  Parle,  France 


Two  air  ground  data  exchange  systems  are  presently  contemplated  for  air  traffic  control  applications,  the 
secondary  radar  Node  S  end  satellite  communication  systems.  An  ICAO  aeetlng  voted  the  Mode  S  format  In 
September  1$85.  The  United  States  Federal  Aviation  Administration  passed  a  contract  In  1984  for  the  pro¬ 
curement  of  137  secondary  radar  stations  capable  of  the  new  Mode  S,  with  the  first  ones  to  be  operational 
In  1988.  Ground  aad  airborne  equipment  prototypes  are  presently  developed  In  Europe  and  will  be  tested  by 
EUROCONTROL.  The  operational  use  of  Mode  S  in  Europe  nay  begin  In  the  early  90‘ a.  This  relatively  simple 
data  link  will  exist.  However,  the  SSR  coverage  will  always  be  Halted  to  some  continental  areas  and  the 
data  flow  of  Mode  S  Is  limited.  There  Is  a  corresponding  need  for  a  more  universal  system  with  worldwide 
coverage  and  data  flows  capable  of  all  types  of  data  exchange  -  ATC,  but  also  airline  services  and, 
possibly,  passenger  private,  communications.  The  aeronautical  satellite  communication  system  at  1359  MHz 
and  1646,3  MHz  Is  the  only  universal  solution.  There  may  be  a  time  when  the  two  data  links  will  coexist. 
The  messages  need  to  be  standardized  applying  the  ISO  communication  layer  concept,  so  that  the  commonality 
of  the  two  systems  la  optimized.  This  Is  presently  the  task  of  ICAO  and  a  standard  message  structure  Is 
now  developed  by  the  ICAO  SICASP  Panel  (SSR  Improvement  and  Collision  Avoidance  System  Panel). 

Following  a  question  asked  about  the  future  of  satellite  based  surveillance  of  the  civil  aviation  traffic, 
as  far  as  I  know,  nobody  In  civil  aviation  Is  thinking  of  a  satellite  borne  primary  radar.  Civil  aviation 
surveillance  Is  presently  based  on  cooperative  exchanges  between  the  controlled  aircraft  and  the  air  traf¬ 
fic  services,  either  Implementing  voice  position  report. ,  or  by  secondary  radar.  Some  years  ago  the  con¬ 
cept  of  a  geostationary  satellite  carrying  a  huge  secondary  radar  (at  1030  MHz  and  1090  MHz)  was 
contemplated  but  does  not  seen  to  be  studied  any  more.  The  ICAO  Special  Committee  FANS  believes  that 
automatic  position  reports  transferred  through  a  satellite  communication  channel  will  be  of  a  great  Impor¬ 
tance  In  the  future.  Automatic  Dependent  Surveillance  (ADS)  using  L-band  civil  aviation  data  com¬ 
munication  by  satellite  Is  now  the  solution. 


Pasquale  Murlno 

Iatltuto  dl  Aerodlnaalca  "Umberto  Nobile" 

Facoltl  dl  Ingegnerla  -  Unlverslti  degll  Studl  di  Napoli,  Italia 


In  this  Conference,  the  great  potential  of  satellite  systems  for  both  navigation  and  surveillance  has 
been  pointed  out. 

Concerning  surveillance  two  concepts  came  out: 

1)  Automatic  Dependent  Surveillance  (ADS)  and 
11)  Space  Baaed  Primary  Radars  and  Secondary  Radars  (SBR/SBSR). 

These  two  concepts  are  not  competitive  but  complementary.  Indeed,  as  Mr  Porltzky  reported,  the  FANS-2 
Committee  considered  that  an  Independent  surveillance  service  based  on  satellites  Is  likely  to  be  needed. 
In  ay  opinion  a  satellite  navigation  system,  ADS  and  SBR/S8SR  could  form  the  overall  Navigation- 
Surveillance  System  In  the  future,  since  this  system  meets  the  general  requirements  of  accuracy,  cross¬ 
check  capabilities,  redundancy  and  complete  surveillance  of  the  airspace. 

The  system  should  be  developed  as  a  whole  but  It  could  be  realized  In  two  phases:  most  likely  the  sub¬ 
system  GPS- ADS  (which  Is  more  mature)  first,  then,  In  10-15  years,  SBR/SBSR,  which  could  replace  some  of 
the  similar  earth-based  systems. 


Lee  Holcomb 

Information  Sciences  and  Hunan  Factors 
National  Aeronautics  and  Space  Administration,  NASA,  Washington  DC,  U.S.A. 


The  automation  of  Air  Traffic  Control  (ATC)  functions  must  be  built  based  on  a  sound  technical  basis.  The 
National  Aeronautics  and  Space  Administration  (NASA)  currently  has  over  100  efforts  to  apply  knowledge- 
baaed  systems  to  aerospace  applications.  To  date  only  about  three  systems  have  bacons  operationally  use¬ 
ful.  One  successful  system,  called  DIVISOR,  was  begun  as  a  research  program  In  1980.  After  three  years 
of  research  an  Initial  knowledgo-baee  was  developed.  Nearly  three  additional  years  were  required  to  vail- 
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date  the  knowledge-base.  DEVISOR  was  used  successfully  as  an  offline  planner  for  the  voyager  spacecraft 
encounter  with  Uranius  In  January  1980.  The  lesson  learned  was  that  validation  of  a  knowledge-base 
requires  several  years. 

Two  technical  Issues  have  aerged  with  the  application  of  knowledge-based  systems:  (1)  Man/aachlne  inter¬ 
face,  and  (2)  knowledge-base  validation. 

Man-Machine  Interface 


A  key  technical  challenge  Is  the  ability  to  design  an  effective  aan-aachine  interface  which  will  allow  the 
systea  to  transition  between  operator  controlled  and  automated  operation. 

Overwhelming  the  operator  with  control  options  is  of  sn  acceptable  solution.  The  user  aust  be  provided 
with  sufficient  lnforaatlon  to  effectively  supervise  the  systea  in  the  event  of  unforeseen  clrcuastances. 
Ueer  acceptance  is  essential  if  the  autoaated  systea  is  to  be  effective.  Hunan-machine  interface  auat  be 
built  into  the  systea  froa  the  start. 

Validation 


Finally,  techniques  to  validate  autoaated  systeas  aust  be  developed  which  will  deal  with  systea  complexi¬ 
ties  associated  with  fault  tolerant  and  artificial  intelligent  systeas.  Conventional  aerospace  software 
validation  techniques,  which  strive  to  test  every  possible  systea  state,  are  both  infeasible  und  unaffor¬ 
dable. 

The  successful  application  of  advanced  autoaation  to  the  ATC  environment  will  be  evolutionary  -  not 
revolutionary.  NASA  has  begun  a  cooperation  project  with  the  Federal  Aviation  Administration  (FAA)  to 
deaonstrate  an  Artificial  Intelligence  (AI)  based  "controller  associate"  in  the  Denver  ATC  center  in  1988. 
This  demonstration  project  is  designed  to  be  a  first  step  in  retiring  the  technical  risks  associated  with 
the  application  of  AI  to  the  ATC  environment. 


Bennett  Flax 

Air  Traffic  Staff,  Federal  Aviation  Administration 
EUROPE,  AFRICA  AND  MIDDLE  EAST  OFFICE,  Brussels,  Belglua. 


The  previous  speaker  briefly  noted  that  the  United  States  is  switching  to  the  node  S  secondary  radar 
systea.  That  is  true;  but  a  few  wore  details  aay  help  clarify  the  situation. 

The  FAA  has  ordered  137  node  S  secondary  radars.  Deliveries  are  expected  to  begin  in  1988.  Each  radar 
will  interrogate  both  conventional  (ATCRBS)  transponders  and  node  S  transponders. 

All  node  S  transponders  aust  be  able  to  reply  to  mode  A  and  node  C  interrogations,  as  well  as  to  node  S 
interrogations.  Mode  S  transponders  will  therefore  be  detected  by  conventional  SSRs. 

The  interoperability  of  both  node  S  radars  and  node  S  transponders  permits  a  gradual  transition  to  the 
newer  technology;  and  the  FAA's  rule  on  transponder  installations  takes  advantage  of  this  flexibility. 
The  aaln  feature  of  the  rule  is  its  requlreaent  that  transponders  newly  installed  in  U.S .-registered  air¬ 
craft  after  January  1,  1992,  meet  the  FAA's  technical  standard  order  for  node  S  transponders  (TSO-C112). 

There  are  over  200,000  U.S .-registered  aircraft.  The  overwhelalng  majority  of  then  already  have  ATCRBS 
transponders,  and  the  rule  does  not  require  that  they  be  replaced.  Consequently,  the  transition  is 
expected  to  be  gradual.  The  FAA  expects  to  induce  owners  to  equip  their  aircraft  with  node  S  transponders 
by  offering  verloua  services  that  will  use  the  node  S  data  link.  Though  the  data  link  prograa  is  in  a 
relatively  early  stage,  and  there  have  not  yet  been  any  decisions  on  the  services  to  be  lapleaented,  it  is 
generally  expected  that  various  kinds  of  weather  information  services  would  be  useful  and  popular. 


W.  Ttewart  Nlcol 

Chief  Scientist  Division 
Civil  Aviation  Authority,  London,  U.K. 


It  is  important  to  gain  early  experience  of  the  rapidly  eaerglng  technology  of  Intelligent  Knowledge  Based 
Syateaa  (IKBS)  within  a  research  or  rapid-prototype  environment.  In  this  respect  both  tactical  and  stra¬ 
tegic  conflict  resolution  offer  suitable  ereas  for  exaalnatlon.  At  present  a  large  proportion  of 
controller  time  is  spent  in  situation  assessaant  through  aonltoring  the  current  airspace  situation  and  in 
resolving  potential  conflicts. 
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An  IKBS  approach  would  be  applied  tactically  to  handle  situation  of  potential  conflict  10-30  minutes  In 
advance  of  occurring.  This  would  have  the  objective  to  maintain  separation  standards  in  the  en-route 
phase  of  flight,  incorporating  rules  and  controller  expertise.  Knowledge  required  includes  route  struc¬ 
ture  within  a  defined  region,  separation  standards,  airspace  restrictions,  aircraft  performance,  flight 
profiles,  aircraft  intention,  weather  and  surveillance  information.  Human  factors  would  necessarily  play 
an  important  part  in  the  elicitation  of  controller  expertise  and  in  determining  the  role  of  IKBS  In  the 
main-machine  interaction. 

A  natural  extension  to  short  term  conflict  resolution  would  be  the  strategic  role  of  total  trajectory 
planning  or  flow  management,  including  aircraft  intentions. 

The  Nitre  AIRPAC  (Advisor  for  the  Intelligent  Resolution  of  Predicted  Aircraft  Conflicts)  has  already  used 
IKBS  techniques  to  develop  a  rule  based  system  for  describing  the  resolution  of  the  two-aircraft  conflict 
situation.  Systems  such  as  AIRPAC  offer  the  facility  for  gathering  and  assessing  conflict  resolution 
expertise. 


Stanley  Ratcliffe 
Consultant 

Civil  Aviation  Authority,  London,  U.K. 


Earlier  speakers  have  pointed  out  the  difficulty  of  building  and  validating  software  that  can  suggest 
satisfactory  solutions  to  ATC  Problems,  even  under  laboratory  conditions,  where  the  rules  can  be  defined 
before  the  programmers  begin  work. 

In  the  real  world,  ATC  must  deal  with  frequent  changes  in  airspace  geography  and  operating  rules.  In  the 
UK,  examination  of  NOTAMS  shows  that  some  change  in  ATC  rules,  large  or  small,  would  be  needed  about  once 
per  day.  If  software  is  to  produce  solutions  consistent  with  these  rules,  and  the  rules  concerned  are 
embedded  in,  but  distributed  throughout,  the  software,  the  tasks  of  tracking  down  the  software  implica¬ 
tions  of  each  change,  and  of  making  appropriate  modifications,  is  clearly  prohibitive.  A  knowledge-based 
system  offers  a  chance  of  effectively  separating  the  problem  -  solving  logic  from  a  single  explicit  state¬ 
ment  of  the  geographical  constraints  and  other  conditions  that  the  solution  must  satisfy. 

This  offers,  perhaps,  hope  of  overcoming  the  difficulty. 


Geoffrey  C.  Howell 

Director  of  Research 
Civil  Aviation  Authority,  London,  U.K. 


Currently  the  requirements  of  expeditious  flow  and  safety  are  mainly  achieved  by  the  separation  of  civil 
and  military  aircraft  into  their  own  airspaces.  Civil  airspace  planning  in  Europe  is  based  on  this  con¬ 
cept  leading  to  controlled  airspace  for  en-route  sectors  and  Terminal  Movement  Areas. 

Military  peacetime  training  is  requiring  larger  amounts  of  low  level  routes:  this  in  turn  leads  to 
problems  of  Radar  Surveillance.  One  area  of  particular  concern  is  the  North  Sea  where  low  level  military 
aircraft  wish  to  operate  close  to  civil  helicopters  supporting  North  Sea  oil  and  gas  operations. 

The  short  and  longer  term  exploitation  of  RNAV  and  4D  Navigation  inevitably  leads  to  the  desirability  for 
the  equipped  civil  aircraft  to  obtain  direct  routelngs.  Also  advanced  metering  and  spacing  concepts  call 
for  control  of  flight  paths  200  miles  fron  major  airports.  The  military  are  very  unhappy  about  any 
increase  in  the  volume  of  controlled  airspace.  The  best  solution  to  this  problem  would  be  to  find  a  way 
for  military  and  civil  aircraft  to  share  airspace.  To  do  this,  better  co-ordination  of  plans  is  needed 
through  accurate  and  up-to-date  exchange  of  flight  plans  and  progress. 

Thus  the  strong  conclusion  to  draw  is  that  data  bases  for  all  levels  of  planning  and  control  of  military 
and  civil  aircraft  should  be  better  co-ordinated  in  the  future  and  up-to-date  information  of  military 
activity  displayed  clearly  to  the  civil  air  traffic  controllers  and  vice  versa. 
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Jean  J.E.  Coupez 
Lieutenant  Colonel  d'Aviatlon 

Commandant  du  Centre  de  ContrOle  du  Traffic  AOrlen,  Belgique 


La  coordination  du  traflc  aSrlen  civil  et  mllltalre  peut  a'effectuer  de  trola  faqons  dlffSrentes  : 

a.  Les  contrOleurs  du  traflc  aSrlen  civile  et  mllltalres  ae  trouvent  c8te  3  cOte  (elbow  coordination) 
dans  un  mSme  centre. 

b.  Les  contrOleurs  du  traflc  aSrlen  clvlls  et  mllltalres  se  trouvent  dans  un  mSme  centre  mala  11s  sont 
sSparSs  physlquement.  La  coordination  se  fait  par  des  moyens  de  tSlScommunicatlon  mals  le  dialogue 
personnel  entre  contrOleurs  est  alsS. 

c.  Les  contrOleurs  du  traflc  aSrlen  clvlls  et  mllltalres  se  trouvent  dans  des  centres  sSparSs  et  la 
coordination  s'effectue  uniquement  par  des  moyens  de  tSlScommunicatlon. 

Pour  des  raisons  propres  3  chaque  Etat,  on  rencontre  ces  trois  types  dlffSrents  de  coordination  clvlle- 
mllltalre  au  seln  de  l'OTAN.  Les  diffSrentes  solutions  sont  3  peu  pr3s  Squlvalentes  pour  autant  que  dans 
le  cas  dScrlt  sous  c. ,  la  connalssance  mutuelle  des  contrOleurs  du  traflc  aSrlen  soit  rSallsSe  au  moyen 
d'Schanges,  vlsltes,  etc. 


Georges  Maignan  • 

Dlrecteur  du  Centre  ExpSrlmental,  EUROCONTROL,  BrStigny,  France. 


Evolution  of  Simulation  Facilities  to  support  Research  Studies  and  Experiment  of  ATM  Systems 


The  EUROCONTROL  Experimental  Centre  -  BrStigny  -  Is  one  of  the  7  European  UnltB  working  In  the 
field  of  ATC  Research,  Studies  and  Experiments.  Many  of  these  units  are  represented  at  this 
Meeting. 

Our  traditional  job  Is  ATC  simulation.  We  have  a  relatively  powerful  real-time  ATC  simulator  which 
la  commonly  used  and  commonly  financed  by  the  EUROCONTROL  Member  States. 

Our  views  and  plans  for  upgrading  this  simulator  in  order  to  experiment  In  the  area  of  Air  Traffic 
Management  Systems  and  of  systems  with  closer  air-ground  coupling  than  today  Is  as  follows: 

1 )  lmgrovement_of _the_"Al r"_s lde 


.  To  rewrite  the  traffic  generation  programmes  (what  we  call  the  “Navigator"),  mainly  to 
have  more  realistic  a/c  performances,  Including  performances  of  FMS-equlpped  aircraft. 

.  To  add  a  few  realistic  aircraft  (between  2  and  10),  the  flight  decks  of  which  are  simula¬ 
ted  by  standard  graphic  displays  (Multi-Cockpit  Simulator). 

.  For  these  realistic  aircraft  to  develop  a  "multi-aircraft"  FMS. 

.  Possibly  at  a  later  stage,  to  connect  the  ATC  simulator  to  an  appropriate  flight  simulator 

somewhere  In  Europe. 

11)  l5EE2Y25S2J_2£_i!5S_!15E2!iS^!!_ii^S 


.  To  add  to  the  standard  ATC  positions,  some  advanced  ATM  positions  with  means  of  presenta¬ 
tion  more  exotic  than  today's  State  of  the  Art.  Currently  we  are  working  on  projects  such 
as  3-D  type  of  display  and  knowledge-based  expert  systems  to  assist  the  planning 
controller. 

Ill)  £E28E255i2S_§2SB5Ei2l 


The  future  ATC  System  Is  unknown.  We  have  to  experiment  with  various  scenarios.  Flexibility 
In  programming  these  scenarios  is  necessary. 

Currently  we  have  started  with: 

.  The  most  complicated  one  with  a  very  advanced  degree  of  automation.  We  have  given  it  the 
name  "ARC  2000". 
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Simulation  of  AndrS  Benoit 'a  Zone  of  Convergence  Concept  with  the  "4-D  descent  advisor" 
presented  by  Sip  Swlerstra. 

tv)  Coeglee«ntary_exger leenta 

Coeplenentary  experiments  are  conteeplated  for  transelaslon  of  flight  profiles  and  a/c  state 
vectors  via  Mode-S  data-llnk  and  by  satellite.  In  the  PROBAT  ATC  Programme  a  real-tlee 
sleulatlon  with  actual  use  of  the  apace  segment  In  the  slnulator  Is  foreseen. 

The  work  to  be  done  to  achieve  these  goals  Is  leportant  and  expensive.  Discussions  are  In  progress 
In  the  various  EUROCONTROL  Working  Groups  and  Panels  to  specify  their  plan  and  to  share  the  work 
between  the  various  European  ATC  Research  Units  In  order  to  avoid  unnecessary  duplication  and 
expense. 


V.  David  Hopkin 

RAF  Institute  of  Aviation  Medicine,  Famborough,  Hants,  U.K. 
MAN  /  MACHINE  INTERRELATIONSHIP 


Introduction 


There  seems  to  be  general  agreement  that  any  automated  air  traffic  control  systesis  belong  to  the 
distant  future  and  that,  In  the  meantime,  policies  and  plans  should  be  made  on  the  assumption  that  air 
traffic  controllers  will  continue  to  have  roles  within  the  system.  Over  the  years,  evidence  has  accumu¬ 
lated  that  the  human  controller  cannot  fulfil  passive  roles  well  and  that,  In  particular,  his  performance 
as  a  system  monitor  is  poor  If  his  role  Is  to  watch  equipment  functioning  and  to  Intervene  rarely.  There¬ 
fore  any  plans  which  envisage  man  primarily  as  a  monitor  Imply  serious  human  factors  problems  which  can 
be  difficult  to  resolve. 

The  presence  of  the  controller  often  rests  on  arguments  that  he  can  be  flexible  and  innovative, 
can  compensate  for  system  deficiencies  or  Inadequacies,  and  can  Intervene  effectively  In  emergencies  to 
maintain  the  Integrity,  safety  and  efficiency  of  the  functioning  system.  There  are  legal  Issues  If  he  may 
retain  responsibility  for  air  traffic  control  functions  even  when  using  equipment  which  he  cannot  Indepen¬ 
dently  verify  as  accurate,  reliable  or  trustworthy.  It  Is  Important  to  recognise  that  human  flexibility 
can  be  exercised  only  to  the  extent  that  the  man-machine  Interface  has  been  designed  to  permit  flexible 
and  Innovative  actions. 


Attention 


In  the  past,  plans  have  tended  to  assume  that  the  controller  will  be  able  to  attend  continuously 
to  the  content  of  his  displays  and  will  maintain  an  up-to-date  picture  of  the  air  traffic  control 
situation  so  that  he  can  Intervene  effectively  at  any  time,  should  the  need  arise.  Vet  practical 
experience,  such  as  that  gained  by  conference  attendees  listening  to  papers  for  a  few  days,  demonstrates 
to  each  Individual  that  It  Is  not  possible  to  sit  passively  and  maintain  attention,  even  to  topics  of 
acknowledged  interest,  without  daydreaming  and  losing  the  thread  of  the  speaker's  remarks  from  time  to 
time.  Similarly,  If  a  controller  becomes  a  passive  monitor  of  an  actively  functioning  system,  occa¬ 
sionally  his  attention  will  lapse.  This  Is  not  a  criticism  of  the  professionalism  of  air  traffic 
controllers  but  a  statement  about  a  fundamental  human  characteristic.  Exhortations  to  try  harder  to  main¬ 
tain  attention  cannot  resolve  the  problem  which  Is  not  primarily  a  matter  of  motivation  but  of  roles, 
functions,  task  designs  and  resultant  levels  of  human  activity  and  direct  Involvement. 

\ 

An  apparent  consequence  is  that  the  system  must  be  designed  to  remain  safe  when  the  man  Is  not 
attending  as  well  as  when  he  Is.  This  Is  quite  a  radical  notion.  It  does  not  Imply  that  attempts  to 
engage  and  maintain  human  attention  to  the  air  traffic  control  situation  should  be  abandoned,  but  It  does 
imply  that  the  safety  of  the  system  and  of  the  aircraft  under  control  should  not  be  predicated  on  the 
assumption  that  these  attempts  will  always  be  successful.  Either  human  roles  must  remain  active,  or,  if 
they  can  become  passive,  the  controller  will  sometimes  not  be  attending,  and  therefore  be  unable  to  Inter¬ 
vene  effectively  and  at  once  In  a  sudden  emergency. 


Role  Definition 


One  way  to  tackle  this  problem  Is  to  assume  that  the  man  will  be  present,  to  define  the  roles 
which  he  must  play,  and  to  optimise  his  ability  to  fulfil  them  by  means  of  selection,  training,  the  provi¬ 
sion  of  suitable  equipment,  and  the  design  of  appropriate  tasks  and  procedures.  This  optimisation  of 
human  functioning  could  be  done  Independently  of  the  optimising  of  equipment  functioning.  Hitherto  It  has 
been  axiomatic  that  If  a  function  is  performed  by  the  machine  It  does  not  need  to  be  performed  also  by  the 
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man,  mad  should  not  b«.  Human  roles  have  been  determined  In  the  past  not  so  much  by  what  the  controller 
can  do  as  by  what  the  machine  cannot  do.  This  approach  has  led  to  many  preaent  difficulties.  An  alter¬ 
native  Is  to  optimise  human  roles  In  their  own  right,  regardless  of  whether  this  involves  duplication  of 
functions  with  the  machine.  This  means  that  functions  are  not  allocated  to  nan  or  machlna  but  the  job  of 
the  man  Is  designed  es  an  entity  to  fulfil  Its  objectives  Independently  of  thoee  of  the  machine.  Where 
this  results  In  nan  and  machine  both  performing  certain  functions  In  parallal  this  may  sometimes  be  a 
potential  extra  source  of  safety.  Normally  the  nan  would  be  performing  the  function  at  a  much  simpler 
level  since  be  can  handle  much  less  data  In  a  given  time.  It  should  often  be  possible  to  cross-check  any 
major  discrepancies  between  human  and  machine  products.  The  discovery  of  such  discrepancies  nay  become  an 
aid  to  safety. 


Adaptability 


Human  efficiency  ultimately  depends  on  optimising  human  roles  In  their  own  right.  In  the  future 
it  will  be  possible  for  the  machine  rather  than  the  man  to  do  much  of  the  adapting.  In  the  past  It  has 
been  assumed  that  man's  great  strength  Is  adaptability,  and  roles  and  tasks  have  been  designed  on  the  pre¬ 
sumption  that  he  can  adapt.  Recently,  adaptability  has  also  become  a  characteristic  of  machines.  It 
will,  for  example,  become  possible,  If  necessary,  to  design  and  conduct  man-machine  dialogues  In  which  the 
machine  adapts  the  level  at  which  the  dialogue  is  conducted  to  the  most  appropriate  level  according  to  the 
nan's  knowledge,  skill  and  understanding,  as  revealed  by  his  responses  during  the  Initial  stages  of  the 
dialogue.  This  machine  adaptation  can  be  an  Iterative  process  throughout  the  dialogue.  Such  aachlne 
adaptability  may  also  assist  the  optimisation  of  human  roles. 


Workload 


One  way  In  which  aachlne  adaptability  may  enhance  human  roles  Is  by  giving  the  controller  greater 
influence  over  hts  own  workload.  Host  people  who  can  set  their  own  workload  choose  to  be  busy  rather  than 
idle.  This  suggests  that  the  air  traffic  controller  should  be  able  to  do  almost  all  the  work  himself  when 
the  traffic  is  light,  and  should  allow  the  machine  to  do  much  of  the  work  and  confine  his  tasks  to  broader 
strategic  responsibilities  when  traffic  Is  heavy.  This  gives  the  man  some  control  over  his  workload. 
Machine  adaptability  is  necessary  to  achieve  this  but  It  has  recently  become  a  practical  rather  than  an 
Idealistic  ala.  It  Is  difficult  to  reconcile  the  attempts  of  individuals  who  have  control  over  their  own 
workload  to  keep  themselves  fully  occupied  with  the  apparent  crusade  to  reduce  workload  In  air  traffic 
control.  In  many  countries  a  few  air  traffic  control  jobs  and  a  few  famous  or  Infamous  control  sectors 
can  generate  high  and  burdensome  workload  and  it  is  then  necessary  to  check  frequently  that  the  high 
workload  Is  neither  unsafe  nor  inducing  occupational  health  problems.  Nevertheless  such  jobs  are  In  the 
minority,  and  even  In  them  the  high  workload  does  not  generally  apply  all  of  the  time.  Therefore  the  need 
to  reduce  workload,  often  taken  as  self-evident  during  this  conference,  needs  to  be  examined  much  more 
critically.  It  certainly  seems  dubious  as  a  principle.  The  ala  should  be  to  enable  the  controller  to 
Influence  or  set  his  own  workload  rather  than  to  reduce  workload  In  all  positions,  times  and  circumstan¬ 
ces.  The  reduction  of  workload  does  not  necessarily  resolve  many  existing  problems,  but  may  bring  further 
problems  In  Its  train. 

One  of  these  Is  that  people  who  are  given  more  passive  roles  report  that  they  feel  less  sure  that 
they  understand  the  situation  which  they  are  controlling,  and  they  become  anxious  lest  they  lose  their 
picture  of  the  traffic.  This  effect  seems  to  occur  as  aids  are  Introduced.  It  occurs  partly  because  of 
the  passive  role  which  these  aids  may  engender  and  perhaps  partly  because  of  an  Incomplete  understanding 
of  how  the  various  aids  work.  It  Is  not  possible  to  deduce  from  using  the  typical  air  traffic  control 
problem  solving,  decision  making  or  prediction  aid  how  far  it  should  be  trusted,  what  It  would  look  like 
if  It  failed,  and  which  factors  have  been  Included  In  the  decision,  solution  or  prediction  proposed. 

The  issue  has  to  be  more  throughly  addressed  of  what  the  controller  needs  to  know  about  an  aid  In 
order  to  use  It  efficiently.  The  controller's  necessary  knowledge  nay  take  one  of  two  forms:  It  may  refer 
to  training  and  experience  In  the  sense  that  the  knowledge  is  already  possessed  and  reliance  Is  placed  on 
human  memory  to  recall  It  when  appropriate,  or  It  nay  refer  to  the  man-machine  Interface  design  If  this 
Interface  must  be  used  to  retrieve  the  necessary  knowledge  from  the  system  but  reliance  Is  still  placed  on 
human  memory  to  recall  what  Is  available  and  how  to  retrieve  It.  The  machine  nay  be  used  to  draw  the 
controller's  attention  to  necessary  knowledge,  but  only  in  particular  pre-deflned  conditions.  If  he  Is 
required  to  reject  or  accept  a  decision,  solution  or  prediction,  then  some  rationale  Is  necessary  to  do 
this.  The  rationale  depends  on  knowledge  of  which  factors  have  already  been  Incorporated  In  the  automated 
proposal  and  which  have  not  and  could  therefore  form  a  basis  for  relectlng  it. 


Individual  Differences 


Attitudes  to  Individual,  differences  appear  to  be  somewhat  ambivalent.  During  selection  It  Is 
assumed  that  Individual  differences  are  substantial  and  that  It  is  possible  to  capitalise  on  them  by 
selecting  those  Individuals  most  suited  to  air  traffic  control  because  of  the  combination  of  abilities, 
skills  and  attributes  which  they  possess  or  have  potential  to  acquire.  Thereafter  Individual  differences 
tend  to  be  seen  ss  an  encumbrance  because  individual  controllers  do  not  behave  uniformly  and  cannot  all 
achieve  comparable  levels  of  performance.  However  It  ney  be  possible  to  treat  Individual  differences  as 
an  asset  by  measuring  them  more  carefully  and  by  using  certain  aspects  of  them  as  part  of  the  basis  for 
allocating  controllers  to  future  jobs. 
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One  recent  reseerch  topic  with  substantial  Individual  differences  Is  direct  voice  Input,  where 
those  who  are  able  to  produce  consistent  results  are  now  called  'sheep'  and  those  whose  perforaence  is 
erratic  and  error  prone  are  called  'goats'.  This  Is  seen  as  a  nuisance,  but  suggests  that  perforaence  In 
direct  voice  Input  tasks  alght  be  substantially  enhanced  by  an  appropriate  selection  procedure.  Indivi¬ 
dual  differences  can  be  an  asset  which  Is  not  appreciated  sufficiently  In  a  systeas  context  where  the  asn 
Is  viewed  prlaarlly  as  a  systea  coaponent  and  variability  between  coaponents  which  are  noalnally  the  aaae 
Is  frowned  upon. 


Manual  Pune t Ions 


As  air  traffic  control  systeas  evolve,  existing  aanual  functions  tend  to  reaaln  Intact  or  be 
replaced  by  autoaated  aids  which  substantially  retain  the  annual  fora.  This  aay  not  be  the  way  to  obtain 
the  aost  efficient  autoaated  aids.  It  aay  be  necessary  to  recast  functions  substantially  rather  than  to 
autoaate  existing  huaan  functions  as  they  stand. 


Teaas 


In  air  traffic  control,  as  In  other  applications,  aost  aids  have  been  devised  for  individuals 
rather  than  for  teaas  but  air  traffic  control  Is  largely  a  teaa  activity.  Replacing  nan-man  Interactions 
with  aan-aachlne  Interactions  has  aajor  Implications  for  teas  roles  and  teaa  functioning.  Traditional 
forms  of  supervision  or  assistance  aay  no  longer  be  practical,  the  sharing  of  tasks  and  responsibilities 
aay  no  longer  be  feasible,  and  professional  norms  and  standards  aay  fall  to  develop  because  the  evidence 
gleaned  froa  the  behaviour  of  one's  colleagues,  which  forms  the  basis  for  their  developaent,  aay  not  be 
present  when  tasks  Include  few  team  activities  and  consist  essentially  of  man-aachlne  Interactions. 

Ultimately  benefits  are  sought  in  terns  of  safety,  efficiency  or  money.  It  therefore  teens 
strange  that  many  of  the  functions  for  which  computer  assistance  has  been  tried  ere  those  at  which  the 
unaided  controller  already  appears  to  be  highly  efficient,  and  In  sosw  cases  approaches  the  theoretically 
maximum  attainable  perforaence,  so  that  any  benefits  measured  and  expressed  only  In  the  above  terns  aust 
remain  marginal.  A  more  logical  approach  aay  be  to  ask  first  what  the  controller  does  not  do  well  and 
then  ensure  that  he  does  not  have  to  perfora  functions  for  which  huaan  beings  are  111  suited.  High  on  the 
list  of  such  functions  would  be  monitoring.  Evidence  accuaulates  that  the  hiaan  being  needs  active  roles 
In  order  to  maintain  his  attention  and  knowledge  of  the  systea,  to  Intervene  In  an  emergency  and  to  act 
flexibly  with  a  full  understanding  of  what  he  Is  doing  and  of  the  consequences  of  his  actions.  This  also 
aay  be  enhanced  If  the  machine  Is  adaptable.  Perhaps  It  would  be  better  to  derive  a  hierarchy  of  func¬ 
tions  In  terms  of  those  which  lend  themselves  most  to  substantial  Improvement  in  quantifiable  terms. 
Again  the  state  of  equipment  development  makes  this  a  practical  option  where  formerly  It  was  not. 


Acceptability 


Controllers  have  developed  skills.  It  is  often  remarked  that  one  of  the  most  important  aspects  of 
any  aid  Is  its  acceptability.  This  Is  linked  to  the  extent  to  which  the  controller  can  understand  It  and 
learn  to  trust  It.  Some  aids  do  not  sell  themselves  but  have  to  be  positively  sold  for  their  merits  to  be 
appreciated.  Other  aids,  such  as  colour  coding,  sell  themselves  only  too  well  and  can  lead  to  unrealistic 
expectations.  Perhaps  time  should  be  spent  on  discovering  the  factors  which  determine  the  acceptability 
of  the  air  traffic  controller's  work,  tasks  and  equipment  rather  than  simply  Its  efficiency.  A  controller 
will  tend  to  use  equipment  efficiently  and  safely  If  he  accepts  It.  If  he  does  not  accept  It,  he  nay 
demonstrate  how  unhelpful  It  Is,  and  Its  potential  aay  never  be  fully  realised.  The  need  for  accep¬ 
tability  should  be  addressed  and  the  main  determinants  of  the  acceptability  of  new  aids  need  to  be  Iden¬ 
tified. 
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14.  Abstract 
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This  volume  contains  a  Keynote  address  “Belgium  moves  ahead  in  air  traffic  control”,  the 
papers  presented  at  the  Guidance  and  Control  Panel  42nd  Symposium  held  in  Brussels, 
Belgium  from  10  to  13  June  1986  and  a  Round  Table  Discussion  moderated  by  the 
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~ 7  The  papersjwere  presented  under  the  following  headings:  Look  to  the  future;  Global 
positioning  system;  Automatic  air/ground/air  data  link;  Advanced  surveillance  radars; 
Advanced  landing  systems;  Air  traffic  management  —  automation  —  advanced  TMA; 
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